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ABSTRACT 
 
There is a need in the industrial, chemical, biological, and medical applications for 
sensors capable for providing on line real-time non-destructive and non‐chemical 
measurements methods of liquid properties. There are huge advantages that microwave-
based microfluidic sensing techniques offer over conventional methods due to the 
strong interaction of microwave electromagnetic fields with the molecules of polar 
liquids, so their properties can be revealed. Furthermore, in recent years there has been 
growing interest in utilizing microwaves in microfluidic heating owing to the efficient, 
selective, and volumetric properties of the resultant heating, which is also easily 
controlled.  
 
The research work presented here encapsulates:  
(1) The design and realization of novel microwave microfluidic microstrip sensors 
which can be used to characterize accurately liquid permittivities. This resonator is both 
compact and planar, making it suitable for a lab-on-a-chip approach. Moreover, the 
sensor has been developed to measure properties of multi-phase liquids where the 
sensor is a variant of the split ring resonator realized in a microstrip implementation. 
(2) A microwave microstrip sensor incorporating a split ring resonator for microsphere 
detection and dielectric characterization within a microfluidic channel.  
(3) A new dual mode microwave microfluidic microstrip sensor which has the ability to 
measure the liquid permittivity with temperature variations. Two quarter ring resonators 
were designed and fabricated. The first resonator is a microfluidic sensor whose 
resonant frequency and quality factor depend on the liquid sample. The second is used 
as a reference to adjust for any changes in temperature.  
(4) A microwave microfluidic applicator with electronically-controlled heating, which 
has been proposed, designed, and realized. The concept is based on feeding the 
resonator with two synchronized inputs that have a variable phase shift between them. 
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CHAPTER 1 – INTRODUCTION AND THESIS OVERVIEW  
 
 
 
The assessment of the dielectric properties of materials are of interest to scientists in 
various disciplines: physicists, chemists, engineers, biologists [1]. The interest varies 
from one discipline to another. For example in electrical engineering, the aspect is to 
identify the capacitance (i.e. stored energy) and energy loss of the materials as a 
function of frequency and temperature. In chemistry, the knowledge of dielectric 
properties leads the chemist to deduce molecular properties and interactions between 
molecules, and even monitor the progress of chemical reactions. Biologists can 
diagnose or identify living cells or biological tissues by measuring the dielectric 
properties of them.   
 
The common approach to measure the dielectric properties of solid, liquid, and gaseous 
materials is to quantify their interaction with the fields (in this thesis, specifically, the 
electric field) of an applied electromagnetic wave [2]. This provides a contactless 
measurement of electrical properties such as permittivity and conductivity [3]. The use 
of the microwave (few GHz) to millimetre (10’s GHz) electromagnetic wave bands to 
explore material properties needs the understanding of materials’ dielectric and 
conducting properties [2]. For liquids, which are the focus of this thesis, there is a wide 
spectrum of information such as relaxation processes and orientational polarization of 
the molecules, all of which contribute to the liquid’s complex dielectric function and its 
variation with frequency and temperature.       
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Microwave approaches (e.g. in the frequency range from about 1 to 10 GHz) offer smart 
means of liquid characterization. The polar nature of the liquids makes their molecules 
interact with the electric field of electromagnetic waves at microwave frequencies. 
Therefore, technically it should be promising to design and realize microwave sensors 
which utilize this interaction for liquid characterization.   
 
 
1.1 Microwave microfluidic and micro-particles sensing  
Among the microfluidic sensing platforms that are widely used in industry, and in 
medicine in particular, microfluidic sensing methods are noteworthy as diagnostic 
systems become miniaturised. The use of microwave techniques in microfluidic sensing 
is highly versatile and provides the ability of continuous measurements of the liquid 
properties, also as a function of the temperature. The principle of sensing is the 
fundamental interaction of microwaves with materials involved in microfluidics [4]. 
Microwave microfluidic sensing for pure liquids, or a mix of solid/liquid phases (e.g. 
microparticles in a microfluidic flow), is based on two approaches [2]: resonant and 
non-resonant methods. In resonant methods, cavities or dielectric resonators are used in 
which the change in resonant frequency and bandwidth due to the perturbation of the 
resonator’s energy owing to the presence of a sample is exploited to measure the 
dielectric properties of liquids or micro-particles. Resonant microwave measurements 
provide extremely precise and sensitive characterization of a liquid’s complex 
permittivity at specific frequencies and as a function of temperature. The second 
approach of microwave microfluidic sensing uses broadband transmission line methods. 
They lack the sensitivity of the resonant method, but offer a continuous spectrum for 
measurement, so allowing dielectric spectroscopy of the material under test.  
 
 
1.2 Microwave microfluidic heating      
Some materials such as liquids have the ability to convert the electromagnetic energy 
into heat. Such dielectric heating (driven by the electric field) at microwave frequencies 
is more efficient than conventional conductive heating, and is also volumetric and 
spontaneous in nature, so is very attractive in chemistry applications and material 
processing [5]. In polar liquids at microwave frequencies, heat is generated due to the 
frictional forces between the liquid molecules [6]. This efficient method of heating has 
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been adopted in many applications. Rapid, selective, and uniform heating of fluid 
volumes, ranging from few microliters to as low as few nanolitres, is vital for a wide 
range of microfluidic applications [7], such as DNA amplification by polymerase chain 
reaction (PCR) and organic/inorganic chemical synthesis [8]. The use of microwave 
heating in microfluidic systems provides many advantages: the ability of direct delivery 
(and focusing) of the energy to the sample with minimal transfer to the other parts of the 
microfluidic system, non-contact delivery of energy, and the very high heating rate 
(especially for low volume samples as met in microfluidics) which can decrease the 
reaction time compared to conventional techniques.  
 
 
1.3. Context 
The accurate dielectric measurement of liquids is still challenging in many applications. 
Although many types of microwave microfluidic sensors have been presented, there are 
several problems that are needed to be solved. This project addresses some of these 
problems in microwave microfluidic sensor design. The problems addressed can be 
summarized as: accuracy, size, cost, simplicity, real time measurements, single micro-
particle characterization, dependence on temperature and heating efficiency. 
 
The proposed sensors in this work are suitable to characterize liquid and micro-particles 
for industrial, chemical, and biological applications, also taking into account the 
temperature dependence of the liquid permittivity. Part of this work concerns the design 
of efficient microwave applicator for microfluidic application.  
 
1.4. Aims and objectives 
1.4.1. Aims 
The aims of this project were to develop a new microwave microfluidic sensor, 
microwave micro-particles sensor and microwave microfluidic applicator based on 
microwave resonators that could be used for measurement and diagnostics for generic 
(bio)chemical, medical, and industrial real-time applications. 
1.4.2. Objectives 
 Investigate and develop robust sensing approaches for liquids and micro-
particles in a microfluidic system taking in account the cost, size, and 
measurement accuracy. 
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 Maximize the sensor sensitivity by optimising the sensor design, geometries and 
materials.
 Investigate and develop methods for on-line, label-free, real-time liquid and 
micro-particle characterizations. 
 Improve the interaction between the microfluidic and microwave systems to 
maximize the sensitivity.
 Characterize liquid and micro-particles in microfluidic channels using 
microwave technology.
 Characterise the dielectric properties of multi-phase liquid flow with time.
 Provide for temperature correction in temperature dependent liquids by adding a 
reference resonator to detect small changes in temperature.
 Develop microwave microfluidic heating using a multi-feed microwave 
resonator.   
 Propose future developments for the microfluidic sensing and heating 
applications.   
 
1.5. Original contributions 
There are five main novel aspects to this work, which are briefly described in 
subsections 1.5.1 to 1.5.5 below. 
 
1.5.1. Microstrip microfluidic sensor 
Firstly, a new type of microwave microfluidic sensor was developed to detect and 
determine the dielectric properties of common liquids. The technique is based on 
perturbation theory, in which the resonant frequency and quality factor of the 
microwave resonator depend on the dielectric properties of the material placed in the 
resonator. A microstrip split-ring resonator with two gaps is adopted for the design of 
the sensors (i.e., a double split-ring resonator, or DSRR) as shown in Figure 1.1. This 
resonator is both compact and planar, making it suitable for a lab-on-a-chip approach, 
with a resonant frequency of around 4 GHz. Several types of solvents have been tested 
with two types of capillaries to verify sensor performance.  
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Figure 1.1: Schematic of DSRR microfluidic sensor. 
 
1.5.2. Microwave microfluidic sensor for segmented flow 
Secondly, the new type of double split ring resonator was applied to measure the length, 
volume, speed and dielectric properties of different liquids in a segmented microfluidic 
flow. Measurements of the changes of the resonant frequency and quality factor are 
performed when a segment enters the sensing region, in this case the gap regions. Two 
different geometries of resonators were used for the sensors, each with two gaps to 
accommodate a planar microfluidic channel as illustrated in Figure 1.2. The segments 
consisted of mineral oil and water.  
 
 
Figure 1.2: Schematic of DSRR microfluidic segmented flow sensors. 
 
1.5.3. Microsphere detection resonator 
Thirdly, a microwave microstrip sensor incorporating a split ring resonator (SRR) was 
developed for microsphere detection and dielectric characterization within a 
microfluidic channel. Three SRRs of approximately equal gap dimensions, but with 
different radii to give different resonant frequencies of 2.5, 5.0 and 7.5 GHz (thus 
altering their sensitivity) were designed and fabricated as illustrated in Figure 1.3. To 
validate the SRR sensors, two  
Capillary
Input 
coupling
Output 
coupling
Capillary
Input 
coupling
Output 
coupling
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Figure 1.3: Schematic of three sizes of microstrip split ring resonator for cells or micro-
particles detection. 
 
sizes of polystyrene microspheres were tested, of diameters 15 and 25 μm. 
Measurements of changes in resonant frequency and insertion loss of the odd SRR 
mode were related to the dielectric contrast provided by the microspheres and their host 
solvent, here water. The even SRR mode was used investigated to provide temperature 
compensation in a completely novel way, owing to its decreased sensitivity to the 
presence of the sample. 
 
1.5.4. Dual mode microwave microfluidic sensor 
 
 
Figure 1.4: Schematic of the dual mode microstrip sensor with two resonators. 
Cell or micro-
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coupling
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Fourthly, a new dual mode microwave microfluidic microstrip sensor was designed, 
built and tested, which has the ability to measure the liquid permittivity and compensate 
for temperature variations. It involves the simultaneous excitation of two quarter ring 
resonators. The first of these is a microfluidic sensor where its resonant frequency and 
quality factor depend on the liquid sample as shown in Figure 1.4. The second one is 
used as a reference to adjust for changes in the ambient temperature.  To validate this 
sensor, two liquids (water and chloroform) have been tested with range of temperature 
from 23 to 35 ºC.  
 
1.5.5. Adaptive coupling technique  
Fifthly, an electronically adaptive coupling technique was proposed and demonstrated 
for a microwave microstrip resonator to improve the efficiency of liquid heating in a 
microfluidic system. The concept is based on feeding the resonator with two 
synchronized inputs that have a variable phase shift between them. A Wilkinson power 
divider and phase shifter were designed and fabricated for this purpose as shown in 
Figure 1.5.  
 
 
 
Figure 1.5: Schematic of adaptive coupling microfluidic applicator. 
 
 
Capillary
Input port
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1.6. Thesis overview 
Chapter 2 attempts to give the reader a basic understanding of the microwave 
microfluidic sensing techniques via a comprehensive literature review. The review 
includes microwave liquid sensing, cells and micro particles detection, and microwave 
heating of liquids.  
 
Chapter 3 describes the theories behind all of the works in this thesis. The theories 
include the dielectric properties of polar liquids, microstrip structures, perturbation 
theory, and microwave heating.  
 
Chapter 4 presents a new resonant microstrip technique which has been realized and 
tested to measure the dielectric permittivity of liquids. The method is based on resonator 
perturbation theory in which the resonant frequency and the bandwidth change as a 
result of adding a liquid sample in a microfluidic circuit. A planar double split ring 
resonator is adopted and designed to reduce the size and weight of the sensor. 
Moreover, Chapter 4 presents a new method to measure length, speed, volume and 
permittivity of liquids in a microfluidic system with segmented flow. A double split-
ring microwave resonator is used as the resonant sensor element. Two models were 
designed and fabricated to study the effect of the gap on the sensor performance. 
 
Chapter 5 describes a new type of microwave sensor for micro-particles detection 
where three models of microwave sensor based on a microstrip split ring resonator were 
developed and tested for the dielectric measurement, size measurement and counting of 
microspheres.  
 
Chapter 6 describes a new type of microwave microfluidic microstrip sensor in which 
the change in the temperature can be detect to obtain more accurate results of the 
measured complex permittivity of the liquid.  
 
Chapter 7 proposes a novel adaptive coupling method that provides the ability to 
change (and, in principle, control) the coupling of a microwave resonator electronically. 
This approach can be exploited in microfluidic heating applications, where the heating 
rate can be optimized without changing the source power.  
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Chapter 8 draws together all of the general conclusions of the techniques and data 
presented in Chapters 4-7, together with some suggestions for future work. 
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CHAPTER 2 – LITERATURE REVIEW  
 
 
 
2.1. Review of microwave microfluidic sensing and heating techniques  
This chapter presents a literature review of the techniques that have been used in 
microwave sensing and heating of liquids in microfluidic systems, linked to the material 
presented in this thesis. Section 2.2 of this chapter provides a review of the microwave 
sensing of liquids in microfluidic systems where many approaches have been proposed 
to characterize liquids using different types of microwave resonators and circuits. In 
Section 2.3, a review of techniques that have been used to measure multi-phase liquids 
properties are presented. Section 2.4 reviews the recent applications of microwave 
sensing to micro particles and cell detection. The final section of this chapter addresses 
the microwave approaches for liquid heating. 
 
2.2. Microwave microfluidic sensing  
Microwave microfluidic sensors are very attractive for a wide range of applications. 
One class of these sensors uses microwave resonant circuits to determine the dielectric 
properties of liquids contained within micro-capillaries. Such sensors (which involve 
the direct interaction of the liquid with the electromagnetic fields) have many 
advantages, such as the ability to miniaturize the device, the minimal invasiveness of 
the technique, the simplicity of operation, the fact that there is no chemical reaction (and 
so long “shelf life”), and that any changes of dielectric properties of the liquids can be 
measured instantaneously. All of these have intensified the research efforts to develop 
and improve microfluidic microwave sensor performance, in particular for medical and 
industrial applications [9]-[12].  Microwave microfluidic sensors can be categorized to 
three groups: the first group of sensors are based on broadband measurements in which 
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wide band microwave circuits are used, usually incorporating non-resonant microwave 
transmission lines; the second group of sensors utilize microwave resonator circuits 
where the resonant frequency and quality factor are measured to characterize the liquids 
at certain (“spot”) frequencies at the specific resonant frequencies of the circuits; the 
third type of microwave microfluidic sensors are designed using microwave filter 
techniques, and are closely linked to the resonant sensor in that the change in the centre 
frequency and bandwidth of the filter vary with liquid sample, but operate in a restricted 
frequency range defined by the bandwidth of the filter. 
 
2.2.1. Broadband measurements techniques  
A review has been conducted in this section of the most and recent works of microwave 
microfluidic sensing using broadband measurements. Microwave broadband sensing 
can be classified into several groups according to the type of microwave transmission 
line or circuit that has been used for liquid sensing or measuring. 
 
A- Coplanar waveguide model 
High-frequency coplanar waveguide (CPW) transmission lines have been used for the 
broadband microwave measurement liquids in [13] and [14]. CPW structures have been 
adopted in [14] to fabricate a microwave microfluidic sensor for the rapid and 
quantitative determination of the complex permittivity of nanoliter fluid volumes over 
the continuous frequency range from 45 MHz to 40 GHz, as shown in Figure 2.1. A 
transmission-line model was developed to obtain the distributed circuit parameters of 
the fluid-loaded transmission line segment from the response of the overall test 
structure. Finite-element analysis of the transmission line cross section was used to 
calculate the complex permittivity of fluid from the distributed capacitance and 
conductance per unit length of the fluid-loaded transmission line segment.  
  
 
Figure 2.1: Schematic of the integration of a microfluidic channel with a patterned 
coplanar waveguide device [14].  
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Other broadband coplanar waveguide transmission lines were developed in [15] to 
extract the permittivity of the fluids in a microfluidic microelectronic platform up to 40 
GHz. Broadband measurements from 100 MHz to 40 GHz were conducted to validate 
the performance of the sensor to measure the permittivity of the polystyrene beads in an 
aqueous liquid. In [16] an integrated capacitor with a microfluidic channel were 
designed to measure the broadband electrical properties (from 40 MHz to 40 GHz) of 
alcohols and biological liquids. It was found that mixtures of 10% and 20% of ethanol 
in water changed the capacitance at 13 GHz to 30 fF and 60 fF, respectively. Another 
microfluidic sensor based on an interdigitated capacitor (IDC) with a microfluidic 
channel to confine liquids (for nanolitre volumes) was developed in [17], as illustrated 
in figure 2.2.  Wide band measurements were taken from 40 MHz to 40 GHz.  
 
 Figure 2.2: (a) Schematic of an interdigitated capacitor (IDC) presented in [17] for 
broadband dielectric characterisation to 40 GHz. (b) Photograph of the fabricated 
microfluidic IDC [17]. 
 
 
Figure 2.3: Contrast spectra of the capacitance for different concentations of living RL 
lymphoma cells, measured relative to their biological culture medium. [17]. 
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The sensor was used to characterize, identify, and quantify alcohols and biological 
aqueous solutions in terms of capacitance and conductance contrasts with respect to 
pure de-ionized water. The value of the capacitance contrast of the IDC varies from 110 
fF to 7 fF at 11 GHz when the concentration of ethanol in water was decreased from 
20% down to 1%, respectively. Moreover, this sensor was tested in a biological 
application involving cell detection, where a contrast of 5 fF at 3 GHz relative to the 
reference bio-medium was measured for less than 20 living cells, as shown in figure 2.3. 
 
In [18] a borosilicate glass chip was integrated with a microfluidic duct with a coplanar 
waveguide to build microwave biosensor to monitor the properties of lipid bilayer 
formation. Broadband measurements of the transmission coefficient were taken from 50 
MHz to 13.5 GHz, which illustrate the change in the attenuation with formation of the 
dioleoylphosphocholine (DOPC) bilayer. An integrated microfluidic microelectronic 
measurement platform was designed in [19] to extract accurate results of the dielectric 
properties of the liquids and biological samples. Measurements of the S-parameters 
were taken up to 40 GHz to extract the capacitance and conductance of the liquid per 
unit length, leading to the final aim of finding the relative permittivity. The sensor was 
tested by using de-ionized water and methanol. A broadband liquid permittivity 
measurement from 1 GHz to 35 GHz was presented in [20]. The sensor design is based 
on quasi-lumped structures using coplanar waveguide transmission lines in which the 
sensor was verified by using saline solution, water and ethanol:water mixtures.  
 
 
 
Figure 2.4: (a) A schematic of the RF sensor described in [21]. (b) The top and cross 
section view of the sensing zone. 
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Finally, in [21], [22], a tunable microwave microfluidic sensor based on micron scale 
coplanar waveguides was presented, as shown in figure 2.4, to measure the dielectric 
properties of aqueous solutions. Two quadrature hybrids are utilized to achieve 
destructive interference that eliminates the probing signals at both measurement ports. 
As a result, the presence of the material-under-test (MUT), via its dielectric properties, 
were quantified at different frequencies. The relative permittivity of propanol:water 
solutions were measured from 4 GHz to 12 GHz. To calibrate the sensor, de-ionized 
water and methanol:water solution were used.  
 
B- Microstrip model 
In [23] a microstrip line with a 50 µm gap capacitor at the centre of the line was 
designed to build a microfluidic sensor. The microfluidic channel was fabricated on the 
top of the gap region where the liquid can influence the capacitance of this gap region. 
Broadband measurements of the voltage transmission coefficient, S21, were taken from 
14 MHz to 4 GHz, where the sensor was validated by several liquid such as ethanol, 
ethylene glycol, and ethyl acetate. 
 
C- Waveguide model 
Broadband measurements from 20 to 110 GHz were shown in [24] for the complex 
permittivity of the biological and organic liquids. A proposed sensor in this system was 
designed by using a two port waveguide structure. The sensor was validated by 
measuring the complex permittivity of dioxane, methanol, and blood. WR90 and WR62 
waveguides were used in [25] to measure the complex frequency of the liquids at X (8-
12 GHz) and Ku (12-18 GHz) bands. These systems were verified by several liquids 
such as methanol, propyl alcohol, ethyl alcohol, chlorobenzene, dioxane, cyclohexane 
and binary mixtures.  
 
D- Capacitor model 
In [26] a novel, three-dimensional parallel-plate, capacitive sensing structure was 
proposed to measure the relative permittivity of ethanol and ethanol glycol in the 
frequency range of 14 MHz to 6.5 GHz, with rms errors between 3.5% to 5.6% in the 
complex relative permittivity values.  
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Figure 2.5: Schematic of a 3 GHz copper hairpin resonator. The phase-separated liquid 
sample flows through the tubing, which is positioned at the region of maximum electric 
field at the open end of the resonator. The measured resonance responses of the device 
with the capillary filled with water, chloroform and air are illustrated [29]. 
 
2.2.2. Resonance measurement techniques 
Many types of microfluidic sensors based on microwave resonators have been 
fabricated, which are highly sensitive to the presence and dielectric properties of the 
liquid. These sensors can be categorized regarding to the type of the microwave 
resonator that is used in the design of the microfluidic sensor. 
 
A-  Hairpin resonator sensor  
A hairpin resonator was used in [27]-[29] to design a microfluidic sensor for in-situ 
compositional analysis of an acetonitrile-toluene solvent mixture within a PEEK micro-
capillary. The same hairpin resonator was also used to monitor the compositional output 
of a multiphase-flow liquid phase separator, as shown in figure 2.5. Cavity perturbation 
theory was employed to analyse the measured results (the change in the resonant 
frequency and bandwidth) to extract the values of the dielectric properties of the 
mixtures.  
 
B- Cavity resonator sensor 
A cylindrical cavity resonator operating in its TM010 mode was developed in [30] to 
measure the complex permittivity of the liquids with high accuracy. The liquid sample 
is inserted into a dielectric tube which passes through holes in the cavity walls. Two 
types of liquids, ethanol and milk, were tested using this sensor to measure the complex 
permittivity as function of the percentage of ethanol in water, and fat percentage in the 
milk. Another cylindrical resonator was designed in [31] to provide online 
measurements of the concentration of binary liquid mixtures. The resonator was set up 
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at a resonant frequency of 1.61 GHz to take the measurements using a quasi TM010 
mode. Several mixtures, such as water:methanol and magnesium sulphate solution, were 
used to verify the performance of this sensor. In [32], a 3 GHz TM010 cylindrical cavity 
was developed, together with numerical procedures for solving a complex characteristic 
equation, to extract the complex permittivity of lossy liquids. This device was validated 
by using sodium chloride and gelatine solutions in water. The method proposed in this 
work was also suggested for measuring permittivity at different temperatures of the 
liquids.  A rectangular waveguide cavity operating in the TE101 mode with a resonant 
frequency of 1.91 GHz was developed in [33] to measure the concentration of solutes in 
water. The sensor capability was verified by using water:sodium chloride and 
water:sucrose solutions, where the shift in the resonant frequency and change in the 
attenuation of the transmission coefficient are the most important measurements for 
extracting permittivities of these mixtures.  
 
Cylindrical sapphire dielectric resonators (SDRs) were presented in [34] for in-situ 
analysis of solvent composition within a machined microfluidic channel, as shown in 
figure 2.6. The microwave electric field of the SDR is aligned parallel to the circular 
microfluidic channel, thus resulting in the highest possible sample polarization, in order 
to maximize the sensitivity of the senor to extract very accurate value of the liquid 
permittivity. The sensor works at 22.7 GHz and was used to assess the concentration of 
acetonitrile in toluene. The resonant frequency decreases and the bandwidth increases 
 
 
Figure 2.6: Configuration of the miniaturized sapphire dielectric resonator (SDR) with 
laser-ablated micro-channels of [34]. The inset shows a micrograph of the fabricated 
lower sapphire disk. 
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Figure 2.7: X-band waveguide halved along the E-plane, with an insert for a filter and 
microfluidic channel [36]. 
 
when the concentration of acetonitrile rises because of increased polarization. A 
sapphire cylinder and a quartz plate with a 400 nl cavity was designed in [35] to 
measure the complex permittivity of liquids. This microwave resonator works at 10 
GHz and high quality factor (1.1×10
5
) owing to the very low loss tangent of sapphire, 
even at room temperature.  Several liquids were tested using this sensor such as ethanol, 
methanol, propanol, glycerine, and oil. Moreover, the sensor was used to measure 
aqueous solution of glucose with sensitivity of 0.1 between the measured and calculated 
(i.e. Debye model) results due to the weight concentration and temperature dependence. 
 
Finally, a waveguide resonator was proposed in [36] to build a label-free 
chemical/biochemical sensing device, as shown in figure 2.7. An integrated microfluidic 
channel was inserted inside the waveguide resonator. The voltage transmission 
coefficient S21 was measured for a Phosphate Buffer Solution (PBS). PBS is an isotonic 
salt solution used to dilute blood, whilst maintaining cellular osmotic integrity and a 
constant test sample pH. Measurements of PBS were compared to those of the empty 
channel. The difference in the resonant frequency between two cases (empty and PBS 
filled channel) is 62.5 MHz where the resonant frequency when the channel was empty 
was 9.837 GHz. 
 
C- Split ring  resonator sensor 
A split ring resonator was modified in [28], [37] to build a highly sensitive microfluidic 
sensor that was able to measure a very small (0.1%) volume fraction of Acetonitrile in 
toluene, in an active volume of around 50 nl.  
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Figure 2.8: An illustration of the alignment of the microchannel with the resonator for 
the microfluidic sensor described in [38]. 
 
A cost-effective, scalable microwave system that can be integrated with microfluidic 
devices enabling remote, simultaneous sensing and heating of individual nanoliter-sized 
droplets generated in micro-channels is proposed in [38], as shown in Figure 2.8. To 
examine the sensor performance, the reflection coefficient of the sensor was measured 
on changing the different fluids in the microfluidic channel. The shift in the resonant 
frequency for silicon oil, FC-40, and water was 18.5 MHz, 12.5 MHz, and 174.5 MHz, 
respectively. In addition, the sensor was tested by using various dairy fluids. This sensor 
was also proposed to detect droplets of water. 
 
D- Microstrip resonator sensor 
A sensitive radio frequency, microfluidic sensor to measure minute changes in the 
dielectric properties of liquids was presented in [39]. The sensor was designed using an 
on-chip Wilkinson power divider, a rat-race hybrid, microstrip lines, and film chip 
resistors. Mixtures of methanol: water and ethanol:water with different molar fractions 
were used to verify the sensor performance.  
 
 
Figure 2.9: An active resonator sensor and and its conceptual schematic [40]. 
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Moreover, an active feedback loop has been introduced in [40] within a passive ring 
resonator in the design microfluidic sensor to generate negative resistance and 
compensate for the resonator’s loss in, as shown in figure 2.9. This active resonator can 
increase the quality factor from 240 to 200000 in air. The performance of this sensor 
was verified by using methanol, ethanol and acetone. The results obtained by using 
active resonator are far superior than those attained using the passive version of the 
resonator, in terms of the sensitivity of the measurement. A new type of microwave 
microfluidic sensor was demonstrated in [41] for crude oil in water, as shown in figure 
2.10. A shift of 500MHz in resonant frequency was measured for a 50% (vol.) water in 
anhydrous crude oil sample, and a 50MHz shift for a 5% (vol.) water concentration. The 
sensor was fabricated using a low cost, direct write fabrication method.  
 
A square ring microstrip resonator was presented in [42] to characterize the dielectric 
permittivity of solvents at multiple frequencies. The sensor was tested by solvents at 
three resonant frequencies of the ring resonator (1 GHz, 2 GHz, and 3GHz). Another 
resonator was proposed in this work in which an open loop resonator was designed to 
measure glucose:water solutions of various concentrations at 1 GHz. A planar half-
wavelength (/2) microstrip line resonator at 2 GHz was proposed in [43] to design a 
sensitive microfluidic sensor for liquid permittivity measurement. The microfluidic 
channel is placed on the top of the resonator to obtain the required interaction the 
electric field and the liquid. The improvement of the microwave microfluidic sensor 
sensitivity was achieved in [44] by developing the cancellation level and using stronger 
coupling to transmission lines, and used to characterize methanol:water mixtures.  
 
 
 
Figure 2.10: Fabricated T-resonator-based, disposable crude oil in water sensor [41]. 
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Figure 2.11: Device construction and field distributions of a coaxial resonator for 
dielectric measurement of liquids. (a) Cutaway view of the resonator (excluding the 
coupling structure) perturbed with a sample-filled quartz capillary. (b), (c) Cross-
sectional colour maps of electric field magnitude for the first and second TEM modes of 
the device, respectively. (d), (e) Equivalent colour maps of magnetic field magnitude. It 
can be seen that the sample perturbs zero electric field (b) and maximum magnetic field 
(d) for the first TEM mode, and maximum electric field (c) and zero magnetic field (e) 
for the second TEM mode [46]. 
 
E- Coaxial resonator sensor  
A micro-milled polytetrafluoroethylene (PTFE) microfluidic chip with an embedded, 
open-circuited, half-wavelength gigahertz coaxial resonator was presented in [45]–[51], 
which was used for analysing the chemical composition of single- and multi-phase 
solvent flows. This coaxial method is multi-mode, so combines the sensitivity of 
resonator methods whilst being broadband (albeit at spot frequencies) to open up the 
measurement of a partial dielectric spectrum. In [52] a microwave-frequency coaxial 
resonator was chosen to design the sensor shown in figure 2.11. This sensor was 
proposed to quantify simultaneously the electric and magnetic properties of liquids for 
biological, chemical, and pharmaceutical applications. A capillary is passed through the 
centre of the resonator so the sample occupies either a position of maximum electric 
field (zero magnetic field) or maximum magnetic field (zero electric field), depending 
on whether an odd or even TEM mode is excited. The sensor performance was verified 
by characterizing a serial dilution of saline solution.  
 
F- Coplanar resonator sensor 
A planar resonator was adopted to design a microwave microfluidic sensor in [53], as 
shown in figure 2.12. A microfluidic channel was fabricated on the top of the resonator 
to obtain the required interaction between the electric field and the liquid. This enables a 
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predictable relationship between response of the resonator (resonant frequency and 
associated insertion loss) and the complex permittivity of the fluid (real and imaginary 
parts) to be developed. The sensor was tested by using de-ionized water:ethanol 
mixtures with ethanol concentrations ranging from 0% to 20%, which were passed 
through the microfluidic channel. The measured results are shown in figure 2.13, where 
an increased concentration of ethanol in water increases both the resonant frequency 
and attenuation. This work was proposed as a sensor for liquid characterization 
applications for biology and chemistry.  
 
  
Figure 2.12: Schematic view of an RF coplanar resonator with a microfluidic channel 
placed on top [53]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13: Voltage reflection coefficient |S21| of a microwave sensor for the five 
ethanol:DI water mixtures at volume fractions fv of: 1/5; 1/7; 1/10; 1/20 ; 0 (pure 
water)[53]. 
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G- Metamaterial resonator sensor 
Metamaterial microwave techniques have been introduced to build microfluidic sensors. 
A metasurface based on metallic electric-field coupled resonators at 3.6 GHz was 
fabricated in [54] to sense and track the change in the flow of fluid in industrial, 
biomedical, and chemical reactions. Measurements of S-parameter were taken from 2.6 
GHz to 3.95 GHz, where the sensor was tested by DI water.  In [55] a new microwave 
microfluidic sensor was presented using a metamaterial-inspired structure, as illustrated 
in figure 2.14. They used a microstrip coupled, complementary split-ring resonator 
(CSRR), where the microfluidic channel is run along the sides of the CSRR where there 
is a strong electric field. The resonant frequency and attenuation of the CSRR change as 
the dielectric properties of the liquid inside the channel changes. An empirical relation 
was developed to extract the dielectric properties of the liquid sample. This sensor was 
introduced to be compatible with lab-on-a-chip applications. The sensor was validated 
by testing a mixture of water:ethanol. As the water volume fraction was varied from 0% 
to 100%, with the step size of 20%, the corresponding shift in the resonant frequency 
was around 400 MHz.  
 
 
Figure 2.14: Schematic diagram of the microstrip coupled, complementary split ring 
resonator (CSRR) with the polydimethylsiloxane (PDMS) microfluidic channel (from 
[55]). (a) Top view of the structure (b) Side view with dimensions. 
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A single split-ring resonator was developed in [56] to fabricate metamaterial structure 
resonator at 2 GHz for microfluidic sensing in which the complex permittivity of the 
liquid affects the resonant frequency and the bandwidth. Mixture of ethanol-water and 
methanol-water were adopted to verify the sensing performance of the sensor.   
 
2.2.3. Filter measurement techniques 
Microwave filters have also been chosen in the design of microfluidic dielectric sensors 
[57]-[59]. An example is for the measurement of the concentration of salt in water [58]. 
A micro-machined stop-band filter with a microfluidic channel is employed to identify 
the properties of the fluid that passes beneath the filter circuit. A spiral resonator using 
coupled microstrip lines was fabricated for liquid sensing through a microfluidic 
channel in [59], as shown in figure 2.15. The insertion of chemical liquids in the 
microfluidic channel caused changes the resonant frequency and the insertion loss. A 
mixture of water:methanol was used to verify the performance of the sensor where the 
resonant frequency shifts from 2.15 GHz to 2.0 GHz, with change in dielectric constant 
from 25 (pure methanol) to 75 (pure water). 
 
 
Figure 2.15: Fabricated metamaterial microstrip transmission line based on a double 
spiral structure [59]. 
 
2.3. Multi-phase liquids measurements using non-microwave techniques 
In recent years, the measurement of the volume, length, speed and dielectric properties 
of the segments in microfluidic systems with high precision has become a major 
challenge. Many techniques have been developed to monitor and measure droplets of 
liquids noninvasively due to the increasing demands of this application in medical and 
chemical applications.  The two most common means of droplet detection are optical 
and electrical sensing [60].  
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Figure 2.16: Vertical cross-section of the electrowetting chip along with the optical 
detection instrumentation [61]. 
 
2.3.1. Optical sensors 
In optical sensing, an optical (i.e. non-microwave) microfluidic lab-on-a-chip platform 
for in vitro measurement of glucose for clinical diagnostic applications was presented in 
[61], as shown in Figure 2.16. A colour change is detected using an absorbance 
measurement system consisting of a light emitting diode and a photodiode. A hybrid 
polymeric microfluidic device with optical detection for droplet-based systems was 
reported in [62], in which the detected signal at the photo diode can be used for 
evaluating droplet size, droplet shape, and droplet formation frequency. An integrated 
microfluidic flow sensor with ultra-wide dynamic range, suitable for high throughput 
applications such as flow cytometry and particle sorting/counting, was demonstrated in 
[63] using fibre-optic sensor alignment, guided by preformed microfluidic channels. A 
parallel microdroplets technology was described in [64], which uses an inverted optical 
microscope and a charge-coupled device (CCD) camera to collect images and analyse 
them, for compartmentalization and simultaneous monitoring of different reactions in 
parallel strings of microdroplets generated in microsystems. An automated microfluidic 
system that screens the speeds of individual droplets at high precision and without 
human intervention was demonstrated in [65].  
 
2.3.2. Electrical sensors 
On the other hand, several ways of using electrical sensing have been proposed for 
measuring dimensions and properties of droplets in microfluidic systems. A 
microactuator for rapid manipulation of discrete microdroplets was presented in [66], as 
illustrated in Figure 2.17. Two sets of opposing planar electrodes fabricated on glass 
were used to study the transport of droplets. A micromachined chip, based on the micro  
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Figure 2.17: Schematic cross-section of the electrowetting microactuator [66]. 
 
Coulter particle counter (mCPC) principle, aimed at diagnostic applications for cell 
counting and separation in haematology, oncology or toxicology is described in [67], 
which can already be used for counting, sizing and population studies. A miniaturized 
coplanar capacitive sensor is presented in [68], whose electrode arrays can also be a 
function as resistive microheaters for thermocapillary actuation of liquid films and 
droplets. The method in [69] exploits the built-in capacitance of an electro-wetting 
device to meter the droplet volume and control the dispensing process. The electrode 
methods utilize changes in electrical conductivity, when the air/liquid interface of the 
droplet passes over a pair of electrodes, and were described in [70] using analogue and 
digital techniques. The design and implementation of capacitive detection and control of 
microfluidic droplets in microfluidic devices were reported in [71], in which the 
capacitive detection of microfluidic droplets based on the dielectric constant contrast 
between the droplets and the carrying fluid was adopted.  
 
A charge-based capacitance measurement method was used in [72] for lab-on-chip 
applications using a CMOS-based capacitive sensor. A fast voltage modulation, 
capacitance sensing, and discrete-time PID feedback controller are integrated on the 
operating electronic board in [73] to improve the precision of volume measurement of 
the droplets. A 4×4 multiplexed arrays of resistive and capacitive sensors was shown in 
[74] to monitor the passage of discrete liquid plugs through a microfluidic network. 
Detection of the presence, size and speed of microdroplets in microfluidic devices is 
presented in [60] using commercially available capacitive sensors, which make the 
droplet based microfluidic systems both scalable and inexpensive. A new approach for 
splitting sample volumes precisely was demonstrated in [75] by gradually ramping 
down voltage, in place of abruptly switching off electrodes. 
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2.4. Microwave detection of cells and micro-particles 
Much research has been undertaken in the use of microwave methods for the realization 
of rapid, reliable, accurate and non-invasive bio-sensors. Recent use of microwave 
methods for detecting the dielectric properties of human cells has yielded compelling 
results. A review of the biological cell dielectric properties was presented in [76], which 
includes the concepts of the biological dielectric properties, the dielectric properties of 
the cell components, how to create the electrical properties models of the biological 
cells, and the techniques and their implementations. An electromagnetic model to 
describe the biological cell was proposed in [77] in which the cell was defined in terms 
of its size, capacitance of the cell layers and conductivity of the cytoplasm. The electric 
field inside the microfluidic channel was determined by using 3D finite element model 
for several cell parameters (i.e. dielectric properties, size and position in the channel). A 
circuit model of the biological cell was proposed in [78]. Each cell part was modelled as 
a one-port element consisting of three elements: a resistor, a capacitor, and a series 
connection of a resistance and a capacitance.  A nanosecond measurement was 
conducted on the biological cell to obtain the transfer function of the model. The use of 
microwave signals was illustrated in [79]. Microwave dielectric spectroscopy has been 
identified as a promising method to study the membrane permeabilization of cells 
induced by chemo-treatment, and its consequences for the cells [80]. Cells or micro-
particles microwave detection and identification can be divided into two approaches; 
broadband and resonance measurements (i.e. similar to the microwave microfluidic 
techniques). 
 
2.4.1. Broadband measurements techniques  
A coplanar structure has been used in most of the broadband microwave measurements 
of cells or micro-particles. Coplanar waveguides with finite ground planes were 
designed in [81] to measure the complex permittivity of living cells (e.g. human 
embryonic kidney cells) where the broad band measurements were taken from 1 to 32 
GHz. Another microwave coplanar waveguide (CPW) transmission line was proposed 
in [82], as shown in Figure 2.18, to measure the dielectric properties of cancer cells 
(HepatomaG2, HepG2). Wide band measurements (1-40 GHz) were taken to prove the 
performance of this sensor, which was proposed for applicationh in postoperative cancer 
diagnosis. The relationship between the attenuation and the cell density was found to be 
0.12×10
- 3
 dB/μm for 20 cells/μL, 0.58×10-3 dB/μm for 200 cells/μL, 0.81×10-3 dB/μm  
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Figure 2.18: 3D illustration of the coplanar waveguide sensor for measurement of 
human cells [82]. 
 
for 1000 cells/μL, and 1.26×10-3 dB/μm for 2000 cells/μL at 40GHz. This attenuation 
occurs due to the polarization and dielectric loss of the cells.  
 
A coplanar waveguide was used in [83] to design a broadband sensor for biological cell 
detection. This sensor was proposed to detect both live and dead cells, tested by using 
Jurkat cells. The experimental results revealed that the resistance of the live cells was 
lower that the dead ones, while the capacitance of the live cells was higher. The 
dielectric properties of tumorous Blymphoma cells was identified in [84] by broadband 
microwave measurements up to 40 GHz, where this approach also provided the ability 
to detect living cells without their deterioration. A coplanar waveguide structure was 
used in this work to build the sensor, where the microfluidic channel was fabricated on 
the top of the sensing area. The dielectric property of a single cell has also been 
investigated by using a microwave biosensor in [85], [86], incorporating a capacitive 
sensing zone for trapped cells within microfluidic channel, as illustrated in Figure 2.19. 
Two types of tests were conducted, involving single and two beads. In the former case 
 
 
Figure 2.19: Schematic of the microwave-based biosensor for living and single cell 
analysis. [85]. 
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the contrast in the capacitor was 1.2 fF at 5 GHz, while in the latter the contrast was 2.1 
fF at 5 GHz. This sensor was also verified by using a living B lymphoma cell, where the 
measurement was taken from 40 MHz up to 40 GHz for the capacitive and conductive 
changes of the material in the gap. In this case the contrast in capacitance was 0.53 fF at 
5 GHz, with the maximum value observed across the full wideband response. The 
cultivation stadium of a yeast culture was monitored to detect permittivity changes. In 
[87], [88], broadband microwave measurements and sensing of single Jurkat and HEK 
cells were used to overcome electrode polarization, with ac dielectrophoresis used to 
precisely place cells between narrowly spaced electrodes, and relatively wide 
microfluidic channels incorporated to prevent cell clogging, as shown in Figure 2.20. 
 
A miniaturized microwave based biosensor was fabricated in [89], [90] for the 
characterization of living and dead cells via their dielectric properties. These biosensors 
were based on coplanar interdigitated capacitors featuring a dielectric sensing area of 
 
 
Figure 2.20: Schematic of a coplanar transmission line, which is narrowed down in the 
middle and intersected by a microfluidic channel at a right angle and two live cells 
trapped between the coplanar lines 10 s after a dielectrophoresis (DEP) signal was 
applied [88]. 
 
 
Figure 2.21: Microphotograph of the fabricated IDC structure of [89]. 
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150×150 µm
2
, as shown in figure 2.21. The contrast in the capacitance of the sensing 
area was 4 % between the cells suspension and their pure medium when measured at 20 
GHz, and 12 % at 40 GHz. Furthermore, this sensor was proposed to detect living and 
dead cells, where a 5 % in capacitive contrast was measured at 30 GHz between these 
two cases. This sensor was developed by adding an oscillator, two detectors (composed 
of 4-quadrant Gilbert-cell multipliers), and DC processing circuitry. These added 
components were used to increase the sensitivity of the sensor toward the simplicity of 
on-chip microwave signal processing at 30 GHz. 
 
Finally, coplanar waveguide devices were developed in [91] to measure the dielectric of 
the biological samples over the frequency range from 40 Hz to 26.5 GHz. This sensor 
was designed to measure the properties of haemoglobin solutions and suspensions of E. 
coli bacteria at microwave frequencies. 
 
2.4.2. Resonance measurements techniques  
A- Microstrip resonator sensor 
An RF biosensor was designed in [92] for characterisation of biomolecules. The device 
is based on a planar split ring resonator with resonant frequency around 10 GHz. To 
verify this sensor, several biological samples were tested such as anti-prostate specific 
antigen, as a result of which the shift in the resonant frequency was 30±2 MHz. A new 
type of biosensor based on a two pole microstrip filter, using the inter–resonator’s 
planar coupling capacitor as an ultrasensitive bio-sensing element, has been developed 
to investigate the electrical parameters of human cells [93]. The design idea of this 
sensor is to employ the change in the filter coupling caused by some of the biological 
cells located on the capacitor of the filter to extract cell properties. U87 glial cells were 
adopted to validate the sensor capability. Successful measurements with three U87 cells 
within the capacitor gaps were achieved, where a 35 MHz frequency shift and 1.5 dB 
attenuation at the centre frequency (12.75 GHz) of the filter frequency response was 
measured. Another sensor which is dedicated for one cell detection was presented in the 
same work, where a shift in the frequency of 13 MHz was measured. 
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Figure 2.22: Experimental setup and layer stack of a microwave sensor for cell 
cultivation [94], all dimensions in mm. 
 
A passive microwave sensor based on microstrip lines for characterizing cell cultivation 
in aqueous compartments is presented in [94] and is shown in Figure 2.22. The sensor 
was validated by measuring yeast cultivation where a 20 dB difference in transmission 
at 7.44 GHz was achieved after 20 hours of cultivation. An impedance spectroscopy 
analysis at microwave frequencies was used to characterize the biological cells 
properties in [95]. A classical planar microwave filter approach was chosen to design 
the biosensor, in which the dielectric properties of the biological cells influence the 
coupling area of the filter. This device was verified by several types of biological cells, 
such as biological cancerous stem cells to detect the contrast between them. 
 
B- Cavity resonator 
In [96] the permittivity of Chinese hamster ovary cells was identified by comparing 
with the host medium at 3.1 GHz. A near-field folded cavity resonator was adopted in 
this sensor.  
 
C- Coplanar resonator 
An original label free bio-sensing approach for cellular study based on micro-
technologies at RF frequencies has also been proposed [97]. This bio-detection method 
presents advantages in that it is label free and of sub-millimetric size, allowing 
operation at the cell scale and with a limited number of cells. A coplanar, bandstop RLC 
resonator structure made with a meandered inductor coupled to an inter-digital capacitor 
was developed in [97], as shown in Figure 2.23. The sensor was tested by two different 
human cell types: keratinocytes HaCaT cells (skin cells) and glial-cells derived tumor 
glioblastoma (nervous system astrocyte cells). 
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Figure 2.23: Design view of the proposed micro biosensor for cell characterization. 
[97]. 
 
A planar resonator at 16 GHz was chosen to build the biosensor in [98] to determine 
and identify the dielectric properties of human cells. A shift of 370 MHz was measured 
when the sensor is loaded by the glial-cells. A tuneable, resonant microwave biosensor 
that allowed measurement of the dielectric permittivity of microscale particles over a 
range of frequencies is presented in [99]. The sensor was validated with 20 μm diameter 
polystyrene beads to measure the dielectric permittivity. Moreover, the sensor was 
tested by using glioblastoma cells where a significant shift in the resonant frequency 
was detected. A method to measure the permittivity of single latex particles and yeast 
cells at microwave frequencies is presented in [100], [101], respectively. In [100], single 
particles with diameters between 1 and 5 µm in water are characterized using the sensor 
shown in Figure 2.24. In this design, in addition to the material-under-test (MUT) 
channel, a reference channel was introduced which was filled with water.  
 
 
Figure 2.24: A schematic of the proposed microwave sensor in [100], which 
incorporates coplanar waveguides. 
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An electrical approach for single-cell analysis, wherein a 1.6 GHz microwave 
interferometer detects the capacitance changes produced by single cells flowing past a 
coplanar interdigitated electrode pair, is demonstrated in [102]. A polystyrene sphere 
with a diameter of 5.7 µm was used to calibrate the measurements. The change in the 
capacitance is 10 aF and 50 aF due to the presence of yeast cells and the polystyrene 
sphere, respectively. Moreover, the sensor changes are detected in less than 80 ms. The 
dielectric permittivity of the individual cells was measured in [103] using the changes in 
frequency of a microwave microfluidic biosensor. A passive LC resonator with 
interdigitated capacitor was developed to design the microwave resonator of the sensor 
in the range from 5 GHz to 14 GHz. Noticeable differences in the electromagnetic 
signatures were obtained between different aggressiveness levels of the cancer cells. 
Cancer cells were identified in [104] by using a biosensor based on RF resonators. The 
resonators are bandstop and operate between 5 and 14 GHz. It was noticed that the 
increase of cell malignancy led to an increase in the permittivity, which then decreased 
the resonant frequency. 
 
2.5. Microwave liquid heating  
Precision microfluidic heating control is required in many applications, such as for 
polymerase chain reactions (PCR) [105], analysis of complex biological sample 
solutions [106], denaturizing dynamics of fluorescent proteins at the millisecond time 
scale [107], and the spatially localised heating of micro-channel environments [108]. 
Microwave heating techniques have been adopted and developed for many industrial, 
domestic and medical applications. A growing number of studies have focused on 
microfluidic heating systems, which is the subject of the work reported here. The 
microwave liquid applicators can be reviewed according to the microwave circuit that is 
used to heat the liquid. 
 
2.5.1. Microwave transmission line applicator 
A- Microstrip transmission line applicator 
A microstrip transmission line was designed in [109] for heating applications of parallel 
DNA amplification platforms. The microfluidic channel was drilled through the 
substrate between the transmission line and the ground. It required 400 mW of 
microwave power to increase the temperature to 72ºC at 6 GHz, where a fibre optic  
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Figure 2.25: A picture of the integrated microfluidic device for generating microwave-
induced temperature gradients [110]. 
 
temperature sensor was adopted to measure the temperature. In [110], an on-chip 
microwave generation of spatial temperature gradients was described within a 
polymeric microfluidic device that was coupled to an integrated, microstrip 
transmission line, as illustrated in Figure 2.25. The method of measuring the 
temperature of the fluid is by observing the temperature-dependent fluorescence 
intensity of a dye solution in the microfluidic channel. 
 
B- Coplanar transmission line applicator  
The performance of a planar microwave transmission line, integrated with a 
microfluidic channel to heat fluids with relevant buffer salt concentrations, was 
characterized and modelled over a wide range of frequencies [111]. The liquid was 
heated by the electric field component of the electromagnetic field, which is confined 
between the signal and ground lines, as illustrated in Figure 2.26. The heating 
performance of this system was measured by S-parameters and optical fluorescence-
based temperature. The temperature rises were 0.88ºC mW
−1
 at 12 GHz, and 0.95ºC 
mW
−1
 at 15 GHz. In addition, a microwave power absorption model was proposed in 
this work to describe the distribution of the power through the applicator. 
 
 
Figure 2.26: Schematic of a cross-section of a coplanar waveguide (CPW) transmission 
line integrated with PDMS microchannel [111]. 
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Figure 2.27: System diagram for improved feed isolation [112]. 
 
2.5.2. Microwave resonator applicator 
A- Microwave Cavity resonator applicator 
Much research has been undertaken to improve the heating performance when using 
microwave resonators as the applicator device in both large- and small-scale, fluidic 
heating systems. In litre-sized liquid heating, for instance, improved electromagnetic 
heating of a load was demonstrated by increasing the isolation (or decoupling) factor 
between two electromagnetic feed elements [112], as shown in Figure 2.27. Multiple 
feeds were used in the system to increase the delivered power to the load. Two band 
pass filters were used to increase the isolation between the two sources. The refinement 
of heavy fractions of petroleum by using microwave methods was discussed in [113]. It 
was discovered that the dielectric loss of the heavy petroleum is very small but enough 
to heat by microwave techniques, and the development of the microwave actuator 
system for cracking of heavy oil was discussed in this work. 
 
A microwave heating system presented in [114] had a response time which was orders 
of magnitude faster than that of current commercial systems. This system was presented 
to implement polymerase chain reaction in a microfluidic device. A copper microwave 
cavity that operates at 8 GHz was chosen in this work to heat the microfluidic device. 
The delivered power to the cavity was up to 10 W, where the temperature of the sample 
was measured by using junction thermocouple which connected to the PCR chamber. 
Moreover, a 2.45 GHz microwave cavity resonator was presented in [115] with the 
novel dual function of both sensitive dielectric characterisation and directed, volumetric 
heating of fluids in a microfluidic chip. A microwave waveguide structure was chosen 
in this work. The approach which was used in this system to monitor the temperature 
was by using permittivity information. This approach provides the ability to observe the 
temperature without the need of conventional temperature sensors. 
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B- Split ring resonator applicator  
A cost-effective, scalable microwave system was demonstrated in [38] that can be 
integrated with microfluidic devices, thus enabling remote, simultaneous sensing and 
heating of individual nanoliter-sized droplets generated in micro-channels. A small 
microwave ring resonator was developed in this work which works below 3 GHz. A 
capacitive gap with a T shape was fabricated, which was employed for sensing and 
heating of the liquid. A loop was adapted to excite the resonator. A microscopy 
fluorescence thermometry technique was adopted in this work to measure the 
temperature of the liquid inside the capillary. The heating was done when the droplets 
flow through the gap region, where 367 mm long droplets needed 5.6 ms to be heated 
up to 42ºC when the input power was 27 dBm. 
 
2.5.3. Microwave irradiation applicator 
In [116]-[118] the microwave irradiation was used to provide the required energy for 
micro-reactor applications. Single and multi-capillary reactors were design to excite 
liquids for synthesis processing. Finally, in [119] a new wireless heating approach was 
presented for microfluidic systems. This heater was designed for sterilization of 
Escherichia coli and for healthcare applications, where the temperature could be raised 
to 93ºC by using 0.49 W of microwave power. 
 
2.5.4. Microwave capacitor applicator  
An integrated, microwave microfluidic heater that locally (and rapidly) increased the 
temperature of water drops in oil was demonstrated in [120], as shown in Figure 2.28. 
This system works at 3 GHz, where the source and amplifier are commercially 
available. The temperature dependent fluorescence intensity of cadmium selenide 
nanocrystals suspended in the water drops was tracked to measure the temperature of 
the drops. The required time to heat the sample in this microfluidic device by 30ºC was 
15 ms. 
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Figure 2.28: (a) A schematic of the microwave heater. The black lines represent the 
metal lines which are connected to the microwave source, the center fluid channel 
carries drops of water immersed in fluorocarbon (FC) oil, (b) a cross section of the 
microwave heater with a quasi-static electric field simulation superimposed is shown, 
with the electric field plotted on a log scale [120]. 
 
2.5.5 Other microwave applicators 
Another detection system was based on a microwave coupled transmission line 
resonator integrated into an interferometer [121], designed for the detection of 
biomaterials in a variety of suspending fluids. This sensor was used to characterize 
polystyrene microspheres, living cells baker’s yeast, and Chinese hamster ovary cells. A 
microwave heater at 20 GHz was designed in [122] for nanoliter scale liquids in a 
microfluidic system. The temperature was measured by reflection coefficient of the 
heater, as the water permittivity is dependent on the temperature. The performance of 
this heater was measured in which the rise of the temperature was found to be 30ºC per 
second. 
 
  
38 
 
 
 
 
 
 
 
CHAPTER 3 – THEORETICAL ASPECTS OF MICROWAVE 
LIQUID SENSING AND HEATING  
 
 
 
This chapter briefly demonstrates the theoretical basis of relative permittivity of the 
liquids and how it is used to quantify a materials interaction with electromagnetic field, 
the microwave heating of liquids, microstrip resonators, and cavity perturbation theory.  
 
3.1. Dielectric properties of liquids 
In the 1830s, Faraday was the first observer of the dielectric properties of materials due 
to the capacity change of an empty capacitor. He defined its specific inductive capacity, 
which later became known as a material’s relative permittivity and is symbolized ε 
[123]. The physical origin of e is the presence of polarisation charges, which become 
induced on the dielectric’s surfaces which are oriented with their planes perpendicular 
to the electric field, as shown in figure 3.1.   
 
 
Figure 3.1: Dielectric material between the plates of capacitor. 
 
The surface charge density on the capacitor plate can be given as: 
 
V Dielectric
Capacitor 
plates
Ea Ep
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𝜎𝑠 = 𝜀𝑜𝜀𝑟
𝑉
𝑑
                                                            3.1 
 
where 𝜀𝑜 is the permittivity of free space ≈8.85 × 10
-12 
F/m, 𝜀𝑟 is the relative 
permittivity of the material, d is the distance between the two plates (assumed parallel). 
This behaviour arises since dielectric materials possess relatively few free charge 
carriers [124], which are mostly bound and cannot contribute to conduction. In contrast, 
by applying an external electric field, the charge carriers (electrons) are still bound with 
atoms but their cloud distorts. This reaction of a material to the applied electric field is 
called electronic polarization, whereby there is a physical shift  of the centre of 
electronic charge. It the charge on the atom (or molecule) is 𝑞 then the dipole moment 𝑝 
is: 
 
𝑝 = 𝑞𝛿                                                              3.2 
 
Electronic polarization occurs in all materials and gives rise to low values of e (as 
found, for example, in most plastics). There are two main other types of polarization 
relevant to this thesis. These are  molecular polarization in the bonds between atoms 
of material when a field is applied, and orientational polarization when the molecules 
of a liquid (or gas) have a permanent electric dipole moment (e.g. in water) and leads to 
large values of  since an electric field causes the dipole moments to align.  
The dipole moment per unit volume is expressed as ?̅?, and for a linear and isotropic 
material can be defined as a function of the internal electric field intensity ?̅? within the 
dielectric as: 
 
?̅? = 𝜀𝑜𝜒𝑒?̅? = 𝜀𝑜(𝜀𝑟 − 1)?̅?                                                  3.3 
 
where 𝜒𝑒 is the electric susceptibility of the material. Furthermore, the electric flux 
density ?̅? can be defined as: 
  
?̅? = 𝜀𝑜𝜀𝑟?̅? = 𝜀𝑜(1 + 𝜒𝑒)?̅? = 𝜀𝑜?̅? + ?̅?                                      3.4 
 
Ampère’s law is used to describe the currents in material, also including the 
displacement current term, for ac fields at some frequency , via: 
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𝛻 × ?̅? = 𝐽 ̅ + 𝑗𝜔?̅?                                                       3.5 
 
where H is the magnetic field intensity and J is the conduction current density which is 
given by: 
𝐽 ̅ = 𝜎?̅?                                                                    3.6  
and 𝜎 is the conductivity of material. Equation 3.5 can be rewritten as: 
 
∇ × ?̅? = 𝜎?̅? + 𝑗𝜔𝜀𝑜𝜀𝑟?̅? = 𝑗𝜔 (𝜀𝑜𝜀𝑟 − 𝑗
𝜎
𝜔
) ?̅?                                 3.7 
 
From Equation 3.7, the new expression of permittivity is: 
 
𝜀 = 𝜀𝑜𝜀𝑟 − 𝑗
𝜎
𝜔
= 𝜀1 − 𝑗𝜀2                                                    3.8 
 
𝜀 is now called complex dielectric constant which consists of real and imaginary parts. 
In liquid material, the values of the real and imaginary parts of 𝜀 are related to the 
response of the electric dipoles of molecules to the applied alternative electric field. 
Liquids can be classified into two kinds: polar and non-polar liquids. In a polar liquid 
the molecules have permanent electric dipoles. The dipoles in a polar liquid can rotate 
physically to try to align themselves with the applied field, thus producing orientational 
or rotational polarization. This response of diploes due to the alternative electric field is 
called dielectric relaxation, and this specifically determines the values of real and 
imaginary parts of 𝜀. The polarization of polar liquids tries to be in phase with applied 
sinusoidal electric field. However, on increasing the frequency of the applied field the 
polarization starts to lag the field and therefore there is a phase shift between the dipoles 
and the electric field. This phenomenon can be described by a relaxation time 𝜏𝑡, which 
is the characteristic time over which alignment occurs  when the field is suddenly 
applied [125].     
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                                  (a)                                                   (b) 
Figure 3.2: The difference in dipoles’ orientation within a polar liquid, with and 
without electric field. a- Dipoles are randomly orientated when there is no electric field. 
a- Dipoles become orientated parallel with the electric field, over a characteristic time 
known as the relaxation time 𝜏𝑡. 
 
The simplest relaxation model to describe the response of the polarization of the polar 
liquid with the frequency is the Debye Relaxation as in [125]-[127] which can be 
defined as:  
 
𝜀(𝑓) = 𝜀∞ +
𝜀𝑠−𝜀∞
1+𝑗2𝜋𝑓𝜏
                                                       3.9 
 
where 𝜀𝑠 is the static permittivity (i.e. the value of 𝜀(𝑓) at DC) and 𝜀∞ is the high 
frequency permittivity (i.e. the value of 𝜀(𝑓) at infinite frequency). 
 
The dielectric relaxation response of a polar liquid as a function of frequency, modelled 
using Debye theory, is shown in figure 3.2 and can be broken down into three regimes, 
as in [125]: 
1- Low frequency response (t << 1), where the dipoles can easily rotate and be 
the phase with applied electric field. This polarization gives the maximum value 
of the real part of the permittivity 𝜀1, where the imaginary part 𝜀2 is low and a 
there is a small amount power loss (in the form of heat). 
2- Frequencies around the relaxation frequency (t  1), where the dipoles 
struggle to keep in the phase with electric field and there is significant 
relaxation. This decreases   𝜀1 and  𝜀2 is a maximum, giving maximum power 
loss. 
E
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3- High frequency response (t >> 1),  where the polarisation is 90º out of phase 
with the electric field. Both 𝜀1 and 𝜀2 are small. 
 
The Debye parameters of several liquids [128] and [129] are given in table 3.1. Typical 
permittivity responses of several liquids are illustrated in figure 3.3 according to 
Equation 3.9 and parameters in table 3.1. 
 
Table 3.1: Deybe relaxation model parameters of several liquids at 25⁰C.   
Liquid εs ε∞ τ (ps) 
Hexane 1.89 1.89 5.8 
Chloroform 4.7 2.5 7.96 
Ethanol 24.3 4.2 163 
Methanol 32.5 5.6 51.5 
Water 78.36 5.16 8.27 
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(b) 
Figure 3.3: Debye relaxation of several solvents (hexane, chloroform, ethanol, 
methanol, and water) according to table 3.1 and equation 3.9. a- The real part of the 
permittivity  𝜀1, b- Imaginary part of the permittivity 𝜀2. 
 
 
Figure 3.4: A Cole-Cole plot of 𝜀2 and  𝜀1 using of the data of the solvents in figure 3.3. 
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The complex permittivity of the polar liquids varies significantly with temperature due 
to the influence of heat on orientational polarization. Water has been adopted to provide 
an insight into the molecular properties with temperature and frequency as water plays a 
dominant role in many fields of scientific and industrial applications [130]-[135]. An 
increase of temperature decreases the strength and extent of the hydrogen bonding in 
water ([136] and [137]). This, in turn, causes the frictional forces between water 
molecules to reduce, meaning that the rotation of the water molecules becomes easier 
(i.e. t decreases). Furthermore, the values of εs and ε∞ both decrease.    
Therefore, the variation of complex permittivity of the polar liquid with temperature and 
frequency can be defined as [138], [139] 
 
𝜀(𝑓, 𝑇) = 𝜀∞(𝑇) +
𝜀𝑠(𝑇)−𝜀∞(𝑇)
1+𝑗2𝜋𝑓𝜏(𝑇)
                                             3.10 
and                                   𝜀(𝑓, 𝑇) = 𝜀1(𝑓, 𝑇) − 𝑗𝜀2(𝑓, 𝑇)                                            3.11 
 
where T is the temperature. The values of the Debye relaxation parameters for water at 
different temperature are shown in Table 3.2. The plots of both the real and imaginary 
parts of the relative permittivity as a function of frequency are illustrated in Figure 3.5, 
obtained by using Equation 3.10 and the data in Table 3.2. Moreover, the change in the 
complex permittivity of water with temperature at 2.45 GHz is shown in Figure 3.6. 
 
Table 3.2: Debye relaxation model parameters for water at various temperatures [130]. 
T ⁰C εs±∆εs ε∞±∆ε∞ τ±∆τ (ps) 
0 87.91±0.2 5.7±0.2 17.67±0.1 
5 85.83±0.2 5.7±0.2 14.91±0.1 
10 83.92±0.2 5.5±0.2 12.68±0.1 
15 82.05±0.2 6.0±0.5 10.83±0.2 
20 80.21±0.2 5.6±0.2 9.36±0.05 
25 78.36±0.05 5.2±0.1 8.27±0.02 
30 76.56±0.2 5.2±0.4 7.28±0.05 
35 74.87±0.2 5.1±0.3 6.50±0.05 
40 73.18±0.2 3.9±0.3 5.82±0.05 
50 69.89±0.2 4.0±0.3 4.75±0.05 
60 66.70±0.2 4.2±0.3 4.01±0.05 
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(a) 
 
(b) 
Figure 3.5: The complex relative permittivity of water as a function of frequency, with 
variation of the temperature from 0⁰C to 60⁰C and frequencies from DC up to 50 GHz. 
a- Real part, b- Imaginary part. 
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(a) 
 
(b) 
Figure 3.6: The complex relative permittivity of water as a function of temperature at 
2.45 GHz. a- Real part, b- Imaginary part. 
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3.2. Perturbation theory 
A number of references have illustrated the theory of perturbation of resonators or 
cavities [140]-[142]. The perturbation can be due to several causes, namely:  
1- Small change in cavity resonator shape or volume. 
2- Small change in cavity resonator material, such as the insertion of a small piece 
of dielectric or metallic material.  
These factors will introduce small changes in the resonant frequency and quality factor 
of the cavity resonator, which can be employed to determine the complex permittivity of 
the small material sample in the case of material perturbation. The exact equation of the 
material perturbation can be found starting from Maxwell’s time dependent equations: 
 
∇ × ?̅?𝑜 = −𝑗𝜔𝑜𝜇?̅?𝑜                                                   3.12 
∇ × ?̅?𝑜 = 𝑗𝜔𝑜𝜀?̅?𝑜                                                       3.13 
∇ × ?̅? = −𝑗𝜔(𝜇 + ∆𝜇)?̅?                                          3.14 
∇ × ?̅? = 𝑗𝜔(𝜀 + ∆𝜀)?̅?                                              3.15 
 
where ?̅?𝑜, ?̅?𝑜, and 𝜔𝑜 are electric field, magnetic field and resonant frequency, 
respectively, within the cavity before introducing the material sample. ?̅?, ?̅?, and 𝜔 are 
the corresponding values after introducing the material. From these [140], the final 
expression of the change in the resonant frequency due to the material perturbation is: 
 
𝜔−𝜔𝑜
𝜔
=
−∫𝑉𝑜
(∆𝜀?̅?∙?̅?𝑜
∗+∆𝜇?̅?∙?̅?𝑜
∗)𝑑𝑣
∫𝑉𝑜
(𝜀?̅?∙?̅?𝑜
∗+𝜇?̅?∙?̅?𝑜
∗)𝑑𝑣
                                      3.16 
 
Also, the change of the quality factor can be found using: 
 
∆𝑄 = 𝑄𝑜 − 𝑄 =
𝜔𝑜∙𝑈𝑡𝑜𝑡𝑜
𝑃𝑜
−
𝜔∙𝑈𝑡𝑜𝑡
𝑃
                                        3.17 
 
where 𝑄𝑜, 𝑈𝑡𝑜𝑡𝑜, and 𝑃𝑜 are the quality factor, total stored electromagnetic energy, and 
dissipated power, respectively, in the resonator before introducing the sample;  𝑄 𝑈𝑡𝑜𝑡, 
and 𝑃 are the corresponding values after the sample has been introduced. However, in 
general, it is difficult to know ?̅? and ?̅? , therefore, Equations 3.16 and 3.17 can be 
approximated depending on the structure of the cavity to give acceptable results. In the 
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following chapters these equations have been approximated and modified depending on 
the type of the resonator and the results have been supported with the simulated results 
to extract the value of the complex permittivity of the liquid sample. 
 
3.2.1. Cavity perturbation by liquid sample 
The properties of cavity resonators are often intentionally modified (i.e. perturbed) by 
the introduction of small material samples [140]. For dielectric samples placed in a 
region of high electric field this leads to a reduction in resonant frequency (associated 
with the polarization of the material) and a reduction in the Q factor (associated with the 
dielectric loss of the material). Together, these can be used to measure the complex 
relative permittivity of the sample. Figure 3.7 shows schematically the changes in 
resonant frequency and 3 dB bandwidth when a sample is introduced into the resonator, 
in our case a liquid which passes through a micro-capillary.    
 
 
Figure 3.7. A typical response of power transmission of a cavity or resonator with and 
without sample (in this case a liquid). 
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Figure 3.8: a- The applied electric field is parallel to the tube, b- The applied electric 
field is perpendicular to the tube, and c- the applied electric field to a  sphere.    
 
3.3. Sample shape effect on the internal electric field 
We have three cases of the relationship between the applied electric field and the sample 
shape, of relevant to this thesis, as shown in Figure 3.8. In all three the magnitude of the 
internal electric field due to the applied filed Eo can be given in [143] as 
 
𝐸 =
𝐸𝑜
1+𝑁(𝜀𝑟−1)
                                                         3.18 
 
where N is the dimensionless quantity called as the depolarization factor, which depends 
on the sample shape and the direction of the applied electric field. The depolarization 
factor in the case of the electric applied field is parallel to the tube is approximately 
equal to zero [143], therefore, the internal field will be 
 
𝐸 ≈ 𝐸𝑜                                                             3.19 
 
The second case is when the applied electric field is perpendicular to the tube as shown 
in Figure 3.8 (b), where N≈1/2 and the internal electric field is approximately written as  
 
𝐸 ≈
2𝐸𝑜
1+𝜀𝑟
                                                           3.20 
 
The final case is when the electric field is perpendicularly applied to sphere as shown in 
Figure 3.8 (c). In this case N≈1/3 and the approximated internal field is given in [143] as 
 
𝐸 ≈
3𝐸𝑜
2+𝜀𝑟
                                                           3.21 
 
Eo Eo
(a) (b)
Eo
(c)
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3.4. Solution of the cavity perturbation equations  
In this section, two cases of perturbation are presented and derived. The first case is 
when the liquid filled capillary is inserted in the two gaps of the Double Split Ring 
Resonator (DSRR) and the second case the perturbation of the Split Ring Resonator 
(SRR) when the micro-sphere passes through its gap inside liquid filled capillary.  
 
3.4.1. DSRR with liquid filled capillary  
In our sensor design, we use a microstrip resonant circuit consisting of a double split 
ring resonator, as shown in Figure 3.9. The capillary is fixed inside the gap regions; 
hence the capacitance of the gap regions is affected by the liquid, which in turn results 
in a perturbation of the resonator.  
 
 
Figure 3.9. A schematic of the sensor which consists of a double split-ring microstrip 
resonator DSRR and a capillary. 
 
 
 
Figure 3.10. A cross section of the liquid-filled capillary in uniform electric field. 
a
b
E
Eo
Capillary 
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Figure 3.10 illustrates the cross section of a cylindrical capillary filled by a liquid 
sample in uniform applied electric field. Here, a and b are the inner and outer radii of 
the capillary, respectively. When the electric field is perpendicular to the axis of the 
capillary the relationship between the electric field intensity E within the liquid and the 
applied electric field E0 is [28], 
  
𝐸 =
4𝜀𝑟𝑇𝐸0
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎2 𝑏2⁄
                                     3.22  
 
The resulting dipole moment for a liquid column of length l is      
 
𝑝 ≈ 2𝜋𝜀0𝑏
2𝑙 (
(𝜀𝑟𝑇−1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇+1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎2 𝑏2⁄
) 𝐸0                        3.23 
                                  
where 𝜀𝑟𝑇 and 𝜀𝑟𝐿 are the relative permittivity of the capillary (tube) and the liquid , 
respectively. The simplest equivalent circuit approximation of the resonator consists of 
parallel L and C components. The capacitor is formed from three parallel components: 
one due to charge storage on the gap regions (which are perturbed by the liquid), 
another due to charge storage on the circumference on the ring, and finally the 
capacitance to ground. The resonant frequency of the circuit is 𝑓𝑟 = 1 2𝜋√𝐿𝐶⁄ , and so 
any change in resonant frequency  ∆𝑓𝑟 due to a material perturbation is then  
 
∆𝑓𝑟
𝑓𝑟
= −
1
2
∆𝑈
𝑈𝑡𝑜𝑡
                                                         3.24 
 
where ∆𝑈 is the change in energy of the resonator and 𝑈𝑡𝑜𝑡 is the total time averaged 
stored electromagnetic  energy in the resonator. If a liquid sample is placed at the 
position of largest electric field magnitude 𝐸0 and gains a dipole moment 𝑝, then 
 
∆𝑈 =
1
2
𝑅𝑒(𝑝𝐸0
∗)                                                       3.25 
 
The extraction of ∆𝑓𝑟 𝑓𝑟⁄  and ∆𝑓𝐵 𝑓𝑟⁄  as functions of complex relative permittivity of the 
liquid sample is detailed in appendix I, where  ∆𝑓𝐵 is the change in resonant bandwidth. 
Finally,  ∆𝑓𝑟 𝑓𝑟⁄  and ∆𝑓𝐵 𝑓𝑟⁄  can be presented as: 
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∆𝑓𝑟 𝑓𝑟⁄ ≅ 𝑓1(𝜀𝑟𝐿)                                                       3.26 
              
∆𝑓𝐵 𝑓𝑟⁄ ≅ 𝑓2(𝜀𝑟𝐿)                                                      3.27 
 
where 𝑓1 and 𝑓2 are functions of  𝜀𝑟𝐿 as shown in Equations 3 and 6 in appendix I. These 
two equations give approximate values of ∆𝑓𝑟 𝑓𝑟⁄  and ∆𝑓𝐵 𝑓𝑟⁄ . The approximation 
comes from the fact that the electric field is not uniform around the tube and is also a 
function of the permittivity of the liquid. Equations 3.26 and 3.27 can be used to obtain 
approximate values of the complex relative permittivity of the liquid. 
 
3.4.2. SRR with micro-sphere   
Next a simple and approximate theory is developed to account for the change of electric 
dipole moment of the capillary within the gap when a microsphere is present. This 
allows us to calculate the resonator perturbation using first order perturbation theory 
[140], [28].  
 
 
                                               (a)                                    (b) 
Figure 3.11: Cross section of the capillary filled by liquid, (a) without a microsphere, 
and (b) with a microsphere. The dimensions and relative permittivities of all regions are 
shown. 
 
Consider first a liquid of complex relative permittivity completely filling a low loss 
tube (for example, glass, as in the experiments here). Referring to Figure 3.11(a), we 
define t  as the (real) permittivity of the tube, and b and a to be its outer and inner radii, 
respectively. The complex electric dipole moment p induced for a length ℓ of a filled 
εs 
εt 
ε
b
a
Eo
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tube can be calculated analytically based on the direct solution of Laplace’s equation for 
a quasi-static electric field as given in Equation 3.23 The perturbations measured 
experimentally in Chapter six are due to the presence of polystyrene microspheres 
within the gap region. Referring to Figure 3.11(b), we next analyse quantitatively how 
the presence of a small spherical particle, assumed to be homogeneous and of relative 
permittivity s, modifies the electric dipole moment of a water filled tube and so leads to 
perturbations of the resonator parameters. If the sphere occupies a volume fraction  of 
the liquid within the tube (with  << 1), the complex permittivity of the liquid in the 
tube can be considered to have changed from  to an effective value eff. This is 
estimated from simple effective medium theory to be: 
 
 











2
3
1
s
s
eff                                  3.28 
 
where the derivation of Equation 3.28 is illustrated in appendix II. The resulting 
perturbation in electric dipole moment is then the difference  
 
    ppp eff      3.29 
 
First order cavity perturbation theory states that a small change in electric dipole 
moment ∆p due, for example, to a change in  will result in changes (i.e. perturbations) 
in both the resonant frequency f and unloaded quality factor Q, given by the 
approximate formulae: 
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Here the subscripts “1” and “0” denote the perturbed and unperturbed states of the 
resonator, respectively. The quantity U is the time averaged stored energy of the 
resonator in its unperturbed state, defined by 
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where E0 is the unperturbed electric field magnitude at the position of the tube and Vm is 
the mode volume of the resonator. This latter term quantifies the concentration 
enhancement of electric energy density at the position of the tube relative to the average 
electric energy density elsewhere in the resonator. Miniaturising the resonator by, for 
example, reducing the gap width or the ring radius, results in a decreased value of Vm 
and hence also a decreased value of U, thus causing larger changes in resonator 
parameters for a given perturbation p (i.e. enhanced sensitivity to the cause of the 
perturbation), which we will return to in more detail below. To gain a better physical 
understanding of how the presence of a microsphere affects the SRR, for the moment 
we ignore the presence of the glass tube (assumed to be very thin walled) and develop 
an approximate formula for p in the limit when the permittivity of the host liquid  is 
much greater than that of the microsphere s. This will indeed be the case when water ( 
 78  j12 at 2.45 GHz) and polystyrene (s  2.0) are considered, respectively. Then, 
Equations 3.23, 3.28-3.31 reduce to the very simple results, where the derivation of 
Equation 3.33 is shown in Appendix III: 
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where Vt = ℓa
2 is the physical volume of the sample within the gap region. From this 
we see that on introducing a polystyrene microsphere into the gap region, the resonant 
frequency increases, but that the Q factor decreases (i.e. the microwave loss increases). 
This is illustrated further in Figure 3.12, where we consider the effects of the presence 
of a microsphere on the voltage transmission coefficient S21 in the frequency domain, 
with perturbation calculated using both Equation 3.23, 3.28, 3.29 and the simplified 
formula 3.33. 
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Figure 3.12: The calculated transmission spectrum of the SRR with (dotted) and without 
(solid) a plastic microsphere in the gap region. Both resonant frequency and microwave 
loss increase with the presence of the sphere. In this calculation, the SRR is assumed to 
have a Q factor of 200 and a resonant frequency of 2.5 GHz when unperturbed by the 
microsphere. The microsphere is assumed to occupy a volume fraction of 0.1 of the gap 
volume, and the ratio of tube volume to mode volume is 0.02. The microsphere 
permittivity is assumed to be 2 and the water permittivity 78  j12. In this limit when  
>> s, the simplified analysis using Equation 3.33 for p gives almost identical results 
to the more rigorous analysis using Equations 3.23, 3.28, 3.29.  
 
This can be understood by referring to Figure 3.13, where we plot the electric field 
intensity E
2
 in the space in an around a sphere placed in a uniform electric field when 
(a) the sphere’s permittivity is much less than that of its host liquid (as is the case here), 
and (b) when the sphere’s permittivity is much greater than that of its host (as would be 
the case for a metal sphere). In (a), we note that the intensity is enhanced within the host 
liquid adjacent to the equatorial regions of the sphere, whilst in (b) it is enhanced 
adjacent to the polar regions. In both cases, this intensity enhancement increases the 
overall dielectric loss. However, in (b) there is an increase in electrical potential energy 
owing to the strong polarisation of the sphere, so the resonant frequency would 
decrease. In (a), since the sphere is of a low permittivity material, its polarisation is 
small and overall the electric potential energy is reduced, resulting in an increased 
resonant frequency. 
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Figure 3.13: The calculated electric field intensity E
2
 around a sphere when (a) its 
permittivity is much less than that of its host liquid, and (b) much greater than that of its 
host (the arrows show the direction of the applied field). The enhancement of E
2
 in the 
host in both cases gives rise to increased losses but in (a) the overall electric potential 
energy is reduced, giving rise to an increased resonant frequency. 
 
3.5. Microwave heating 
Many dielectric materials can be successfully heated by using microwave 
electromagnetic energy. This essential technique of “microwave heating” has variety 
applications in industrial, scientific, and medical fields. The microwave heating method 
differs depending on the material properties such as shape, size, dielectric constant, and 
the nature of the microwave equipment used [144]. The mechanism of heating liquid 
materials is the dipolar loss in which the dipole moments attempt to align themselves 
with electric field. As discussed in the previous section, the viscosity of the liquid 
causes energy to be dissipated as heat into the liquid [145]. This gives microwave 
heating many advantages over conventional heating, which can be summarized in three 
fundamental points: 
1- Preferential heating capability where the electromagnetic energy can be 
delivered to the sample in microfluidic system without heating other parts of the 
system. 
2- Non-contact heating in which the sample can be heated and cooled faster than 
the other traditional heating methods.  
3- The heating is volumetric, rather than from the surface inwards.  
 
We will choose water as an exemplar polar liquid to explain the mechanism of 
microwave heating. The water molecule consists of an electronegative oxygen atom and 
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two (electropositive) hydrogen atoms. The 105
⁰
 bond angle causes the water molecule 
to have a strong, permanent electric dipole moment. This results in water molecules 
rotating when an electric field is applied. Intermolecular forces result from hydrogen 
bonds formed by the oxygen atom of one water molecule with the hydrogen atoms of 
neighbouring molecules [7]. When a sinusoidal electric field is applied to water, the 
water dipoles rotate at the same frequency as the applied electric field. Friction results 
from this rotation to generate heat, wherever the electric field is applied. The extent of 
loss (or heating) is quantified by the imaginary part of the relative permittivity 𝜀2, which 
is often called the dielectric loss factor. This parameter is function of frequency and 
temperature, as described in section 3.1. A displacement current is generated due to the 
response of the dipoles to the applied electric field according to Maxwell-Ampère law.  
The volumetric power dissipation within the sample can be written as the volume 
integral of the work per unit volume EJ, giving for a polar liquid:  
 
𝑃𝑎𝑣 =
1
2
𝜔𝜀𝑜𝜀2 ∫(𝐸
∗ ∙ 𝐸)𝑑𝑉                                            3.36 
 
For water the frequency band of heating is from 0.5 GHz up to 50 GHz. It is most 
efficient at around 20 GHz. A frequency of 2.45 GHz is used for microwave ovens so 
that there is a sufficiently large 2 but the frequency is still own enough to allow 
sufficient penetration of the microwave electric field into the foodstuff (at least a few 
cm). Above 50 GHz the molecular dipoles cannot orient with the applied electric field 
and no heating occurs.   
 
3.6. Microstrip resonator 
3.6.1. Microstrip structure  
The microstrip line is one of the most popular types of planar transmission lines [140]. 
It can be fabricated by either by electro-deposition or by rolling and can be easily 
miniaturized and integrated with both passive and active microwave components. 
Microstrip structures consist of three parts: metal strip, dielectric, and ground plane, as 
shown in Figure 3.14. The fields of microstrip line are quasi-TEM if the dielectric 
thickness is very thin (ℎ ≪ 𝜆 ). Then the phase velocity and propagation constant can be 
written as: 
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Figure 3.14: Microstrip transmission line, showing electric (solid) and magnetic field 
lines (dotted). 
 
𝜈𝑝 =
𝐶
√𝜀𝑒
                                                            3.37 
𝛽 = 𝑘𝑜√𝜀𝑒                                                      3.38  
 
where  𝜀𝑒 is the effective dielectric constant of the microstrip line, as some of the 
electric fields is in the space outside of the dielectric region. No analytic form of 
effective dielectric constant exists, but a useful approximation when the substrate 
thickness h is much smaller than the line width W is [140]:  
 
𝜀𝑒
𝜀𝑟+1
2
+
𝜀𝑟−1
2
∙
1
√1+12ℎ 𝑊⁄
                                         3.39       
 
From this it is clear that the effective dielectric constant is a weighted average of the air 
and microstrip dielectric regions, dependent on the cross sectional geometry. The 
characteristic impedance of the microstrip line can also be estimated given the following 
equation if the dimensions are known [140]:  
 
𝑍𝑜 = {
60
√𝜀𝑒
ln (
8ℎ
𝑊
+
𝑊
4𝑑
)                                                              𝑓𝑜𝑟 𝑊 𝑑 ≤ 1⁄  
120𝜋
√𝜀𝑒[𝑊 𝑑⁄ +1.393+0.667 ln(𝑊 𝑑⁄ +1.444)]
                              𝑓𝑜𝑟 𝑊 𝑑⁄ ≥ 1.
      3.40 
 
3.6.2. Coupling between microstrip lines  
Coupled microstrip line is used to deliver the energy to the microstrip resonator. The 
configuration of a pair of coupled microstrip lines is shown in Figure 3.15. There are 
two quasi -TEM modes, which are the even and odd modes. In the even mode, the two 
W
h
t
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Figure 3.15: Configuration of a pair of coupled microstrip lines. (a) Field distributions 
of even mode. (b) Field distribution of odd mode. (c) Capacitance of even mode. (d) 
Capacitance of even mode.  
 
microstrip lines carry parallel currents, forming a magnetic wall between them. 
Conversely, the odd mode occurs when the current of the first microstrip line is in 
opposite direction of the second microstrip, forming an electric wall between them, as 
shown in Figure 3.15. Referring to this figure, the total even mode capacitance 𝐶𝑒 can 
be written as:  
 
𝐶𝑒 = 𝐶𝑝 + 𝐶𝑓 + 𝐶𝑓
′                                                3.41 
 
where 𝐶𝑝 is the parallel plate capacitor between the microstrip line and the parallel part 
of the ground,  𝐶𝑓 is the fringe capacitance , and 𝐶𝑓
′ the fringe capacitance of the 
coupling side, as shown in Figure 3.15. Similarly, the odd mode capacitance 𝐶𝑜 can be 
written as:  
 
𝐶𝑜 = 𝐶𝑝 + 𝐶𝑓 + 𝐶𝑔𝑑 + 𝐶𝑔𝑎                                          3.42 
 
where 𝐶𝑔𝑑 and 𝐶𝑔𝑎 are the capacitances between the two microstrip lines (in the gap) 
across the dielectric and air, respectively. 
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3.6.3. Microstrip resonators 
 
 
Figure 3.16: Several types of microstrip resonator that were designed in next chapters 
are shown. (a), (b), and (c) Double split ring resonator DSRR. (d) Split ring resonator 
SRR. (d) Dual mode resonator DMR.  
 
Several types of microstrip resonators were design and realization in this thesis to build 
microfluidic sensors for different applications, as illustrated in Figure 3.16. The 
proposed resonators are double split ring resonator DSRR, split ring resonator SRR, and 
dual mode resonator DMR. The details of their designs and fabrications are explained in 
detail in the following chapters. The choice of using the microstrip structure is because 
of many advantages, which can be summarized as: the low cost of realization, fast time 
fabrication, ability to miniaturize the structure to the micro scale, easy adaptation with 
microfluidic systems, and low loss (giving acceptable quality factors of a few hundred).  
 
3.6.4. Input/output couplings      
The two port resonator connected to the network analyser can be presented by the 
equivalent circuit shown in Figure 3.17, where the resonator is modelled by RLC series 
circuit and g1 and g2 are the coupling coefficients of the input and output microstrip 
coupling lines, respectively. The coupling can be either mostly inductive or mostly 
(a) (b) (c)
(d) (e)
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Figure 3.17: Equivalent circuit of the resonator connected to two ports of a network 
analyser. The coupling is represented by two blocks g1 and g2. 
 
capacitive, depending on the shape of the coupling line and the distance between it and 
the resonator. In case of mostly inductive coupling, the coupling circuit can be 
approximated as shown in Figure 3.18, where the microwave resonator and the coupling 
line can be presented as transformer which has the transfer function shown in Figure 
3.18. The transfer matrix of the full equivalent resonator circuit of Fig. 3.17 is found 
using 
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Figure 3.18: Transfer matrices for the magnetic coupling loops, which act as 
transformers with one arm representing the coupling loop, the other the resonator.  
Note the sign change depending on the sense (i.e. phase) of the loop windings. 
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where 1m  and 2m  are the mutual inductances  at ports 1 and 2, respectively, of the 
resonator and the positive sign is used for coupling loops wound in the same sense, the  
negative sign is used for coupling loops wound in the opposite sense. The series 
impedance Z of the resonator is given as: 
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where 
LC
1
0   is the resonant frequency. Equation 3.20 can be simplified as  
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where 0 , for frequencies close to resonance (i.e. 0  , an almost 
exact approximation for a high Q resonator), and RLQ /00   is the unloaded quality 
factor of the resonator.  Hence, the four elements of the coupled resonator’s transfer 
matrix are: 
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Then the transmission coefficient S21 can be given in terms of the transfer matrix 
elements as in Equation 3.46. 
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and the coupling coefficients at ports 1 and 2 are defined by 
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In the case of symmetric coupling (i.e. 21 ggg  ) and at resonant frequency, 
Equation 3.46 can be rewritten as: 
 
|𝑆21(𝑓𝑜)| = |𝑆12(𝑓𝑜)| =
2g
1+2g
            or           𝑃𝑜 = (
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2
                   3.47                                         
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where 0P  is the peak power at resonance. 
 
3.6.5. Quality factor       
Three types of losses determine the quality factor of the microstrip resonator. These 
parameters are: conduction loss, dielectric loss, and radiation loss [146]. Therefore the 
quality factor of the microstrip resonator can be expressed as: 
 
𝑄𝑜 = 𝜔𝑜
𝑈
𝑃𝑇
= 𝜔𝑜
𝑈
𝑃𝑐+𝑃𝑑+𝑃𝑟
                                               3.49                                   
 
where 𝑄𝑜 is unloaded quality factor, U is the stored energy in the resonator, 𝑃𝑇 is the 
total dissipated power in the resonator which consists of the dissipated power in 
conductors 𝑃𝑐, in dielectric 𝑃𝑑, and in radiation 𝑃𝑟. In some cases, the microstrip 
resonator is put inside a metallic box to increase the quality factor. In this case, the loss 
of the wall surfaces of the box is considered in the quality factor determination.  𝑃𝑐 and 
𝑃𝑑  depend on the conductor materials and the dielectric, respectively. Moreover, the 
quality factor also depends on the frequency, the dielectric thickness, and the conductor 
thickness and width. The measured quality factor, is called the loaded quality factor 𝑄𝐿 
in which the external circuits of the input and output coupling are taken into account. 
Therefore the 𝑄𝐿 can be defined as:  
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where 𝑄𝑒𝑥 is the quality factor of the external circuit of the input or output circuit 
(identical coupling circuits), and 𝑄𝐿 the quality factor that can be measured directly by 
network analyzer. Equation 3.50 can be written in term of the coefficient coupling g as: 
 
𝑄𝑜 = 𝑄𝐿(1 + 2g)                                                    3.51 
 
g can be defined as the ratio of the power dissipated in the external circuit to the power 
dissipated in the resonator and can be classified into three cases: critical coupling when 
g = 1, where the power dissipated in the external circuit is equal to the power dissipated 
in the resonator; under-coupling when g ˂ 1, and over-coupling when g > 1. From 
Equations 3.47 and 3.51,   𝑄𝐿 can be given as: 
 
𝑄𝐿 = 𝑄𝑜(1 − |𝑆21(𝑓𝑜)|)                                             3.52 
 
and so the conversion of the loaded Q to unloaded Q is achieved by using the voltage 
transmission coefficient at resonance (i.e. the insertion loss).  
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CHAPTER 4 - SOLVENTS SENSING USING MICROSTRIP SPLIT 
RING RESONATORS  
 
 
 
In this chapter a new type of the microwave microfluidic sensor has been proposed. The 
concept of the design is based on a microstrip microwave resonator in which the 
resonant frequency and quality factor are perturbed by the liquid sample. The resonant 
microwave measurements can give more accurate results with a large dynamic range 
when compared with broadband measurements. The measurements do not need careful 
calibration as the results are the difference between two states; i.e., with and without the 
sample, which increase the sensitivity, reduced systematic errors and reduces the time 
for measurement.    
 
To achieve high accuracy, sensitivity and simplicity of analysis, the resonant circuits of 
the sensors should have a high quality factor (Q) and small size. The small size means 
that the sample filling factor must be high (i.e. a high fraction of the electric field energy 
will be in the sample), so the resonator will be more sensitive to the presence of the 
sample.  High Q can be achieved using cavity-type resonators (typically Q≈104), but 
this also means large size and mass in the frequency range 1-10 GHz. One of the big 
issues in designing and developing resonant sensors based on lumped element circuits 
(which can be much more compact) is the problem of achieving a suitably high Q 
factor. From the fundamental definition of Q as the ratio of stored to dissipated energy, 
the conductor quality factor is then seen to the ratio of field volume to exposed surface 
area, which is proportional to the typical “size” of the resonator (e.g. its diameter). A 
size reduction then leads to the inevitable reduction in Q. However, as long as the Q 
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factor remains above about 100, reliable and accurate measurements of dielectric 
properties are possible, as will be demonstrated in this chapter. 
  
Split ring resonators are compact structures that have found many sensing applications 
from microwave through to THz applications [147], [148]. These, like the sensor circuit 
we use here, are lumped element circuits whose size is not wavelength limited. The 
capacitance is determined by the gap and the surface of the ring adjacent to the gap. The 
inductance is provided by the ring. Although the Q factor is not as high as for cavity-
type resonators, since it is a small planar device, this is compensated by the reduced 
resonator volume which gives a much increased sample filling factor; this maintains a 
high sensitivity for dielectric measurements. In our work we need to interrogate planar 
microfluidic circuits, so we have decided to employ a two-gap split ring resonator, i.e. 
the double split ring resonator (DSRR). The novel structure has many benefits over the 
more conventional, single gap split ring resonators (SRR) for our microfluidic 
application in that the microwave circuit is all in the same plane as the microfluidic 
circuit, and the two gaps also allows us to measure properties such as fluid velocity and 
to interrogate multiphase flow (where there will be discrete fluid packets of more than 
one type of liquid, or solid:liquid flows, for example, microspheres in solution).  
 
Moreover, multi- phase liquids characterization and measurements are required in many 
applications medicine and chemistry, including features such as the length, volume, 
speed and dielectric properties of the segments. A new approach using the DSRR is 
presented in this chapter to characterize and measure multi-phase liquids properties, 
where the previous works use the optical and electrical approaches to detect the 
segments’ properties, as has been previously described in Section 2.3. Two microfluidic 
DSRR models C and D are proposed in Section 4.4 for measuring multi-phase liquids 
with high degree of accuracy.  
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4.1. Brief theory and concepts  
Many modes can be supported by ring resonators such as the double split ring 
resonators considered here. The excitation of these modes depends on the perturbation 
and coupling methods [149], [150].   
 
4.1.1. Regular resonant modes 
A regular mode is obtained by applying symmetric input and output feed lines on the 
annular ring element [149], [150]. The positions of maximum electric field for the first 
two modes are shown in Figure 4.1. Fundamentally, the ring involves two half-
wavelength linear resonators connected in parallel. Resonance occurs when the ring 
circumference is an integral multiple of the guided wavelength. 
 
 
 
Figure 4.1: Maximum electric field points for the first two modes. 
  
4.1.2. Split Perturbations (two gaps) 
Hence the odd modes in the double split ring resonator disappear while the even modes 
remain unaffected. Figure 4.2 can be used to explain this mode phenomenon. This 
figure displays the positive maximum and negative maximum electric field distribution 
on the double split ring resonator. The first situation occurs when the length of half of 
the ring and the electric length of one of the gap capacitors is equal to the wavelength, 
while the second situation happens when the length of the half ring equals the 
wavelength. If the capacitance between the two edges of the ring resonator is neglected, 
the resonant frequency will be determined by the ring length. By adding the effect of the 
gap capacitors, the resonant frequency will reduce due to the variation in the electrical 
length of the ring resonator [151]. 
 
n=1
= maximum electric field 
n=2
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Figure 4.2: Mode chart for the DSRR: (a) first situation at odd mode, (b) second 
situation at even mode (see the text for full description). 
 
The value of this capacitor depends on the thickness of the ring, the width of the gap, 
the ring width, and the material inside the gap. The capillary is inserted into the gap 
between the ends of the rings as illustrated in Figure 4.4, which makes the capacitance 
associated with the gap regions highly dependent on the permittivity of the capillary and 
the liquid inside it. 
 
4.1.3. Coupling 
The input and output power couplings of the resonator are mostly inductive owing to 
their positioning at a magnetic field antinode, with a smaller degree of capacitive 
coupling arising from the fact that they are extended structures and are made of open-
circuit, microstrip sections. Circuit analysis of the resonator in the limit of high Q (i.e. 
much larger than 1, in practice above than 10) gives the following results for the 
transmission coefficient 𝑆21 and the resulting power transmission coefficient 𝑃(𝑓) in 
the frequency domain (𝑓 = 𝜔/2𝜋) [152] 
 
𝑆21(𝑓) =
2√𝑔1𝑔2
1+𝑔1+𝑔2+2𝑗𝑄0
𝑓−𝑓0
𝑓0
                                               4.1 
 
→    𝑃(𝑓) = |𝑆21|
2 =
4𝑔1𝑔2
(1+𝑔1+𝑔2)2+4𝑄0
2(
𝑓−𝑓0
𝑓0
)
2                                     4.2  
C
C
C
C
n=1 n=2
z
y
x
-ẑ Ez  max
+ẑ Ez  max
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The dimensionless coupling coefficients are defined in terms of the unloaded quality 
factor Qo by 
   
𝑔1 = 𝑓0𝑘1
2𝑄0 ,                 𝑔2 =  𝑓0𝑘2
2𝑄0                                     4.3 
 
where 𝑘1 and 𝑘2  are constants, depending on the geometrical properties of the coupling 
structures. Usually it is assumed symmetric coupling (i.e. 𝑔 = 𝑔1 = 𝑔2, when there are 
identical input and output coupling structures), which it is sought to achieve in practice. 
The coupling circuit is realized as a microstrip semi-ring which is centered at the same 
center of the resonator, as depicted in Figure 4.2. Connections to the input/output ports 
are made via the dielectric layer and the ground of the microstrip board using a pair of 
surface-mounted coaxial (SMA) launchers as shown in Figure 4.4. This arrangement 
ensures that the device and microfluidic interface are in the same plane, for ease of 
bonding to further PTFE/PFA microfluidic modules in the space above the sensor.  
 
4.1.4. Use of COMSOL Multiphysics  
COMSOL Multiphysics
®
 4.4 was used to perform 3D simulations of the 
electromagnetics. The electromagnetic waves model was used to simulate the S-
parameters and the distribution of the electric field. The wave equation in the frequency 
domain was computed in the electromagnetic waves model as described in the software 
as: 
 
∇ × 𝜇𝑟
−1(∇ × ?̅?) − 𝑘𝑜
2 (𝜀𝑟 −
𝑗𝜎
𝜔𝜀𝑜
) ?̅? = 0                                    4.4 
 
𝜇𝑟 is the permeability, 𝜀𝑟 the permittivity and 𝜎 the electric conductivity of the material; 
𝜀𝑜 is the permittivity of the vacuum, 𝑘𝑜  is the wave number in free space, and ω the 
wave angular frequency. The impedance boundary condition is used for the copper 
surfaces of the resonator and ground in order to consider the copper losses. The 
scattering boundary condition was utilized for the faces of the volume 80 × 80 × 80 
mm
3
 (enclosing the device) to make the boundaries transparent for the scattered waves. 
Coaxial ports were used to feed the electromagnetic energy to the resonator. 
 
70 
 
4.2. Methods of solvents characterization 
 
 
Figure 4.3: Photograph of the DSRR sensor, realized using a microstrip structure.   
 
Figures 4.3, 4.4, and 4.5 show the configuration of the double split ring resonator with a 
micro-capillary passing through the two gaps. The resonator is made from microstrip 
using Rogers Corporation RT/duroid® 5880 laminate, which is constructed on a 
dielectric of a thickness h of 1.57 mm and relative permittivity of 2.20 ± 0.02 and loss 
tangent 0.0009. The thickness of the copper t is chosen as 70 µm to ensure the highest 
possible quality factor. The outer radius of the ring is r1=1 cm, while the inner ring has 
r2=0.85 cm. The width of the gap g is 0.7 mm. The other dimensions shown are W1 = W3 
= 1.5 mm, W2 = 4.5 mm, W4 = 1.2 mm, W5 = 1mm, p1 = 4 mm, and p2 = 1.3 mm. The 
area of the sensor is 3.6×3.6 cm
2
. A duct with depth of d = 0.165 mm and width of 0.5 
mm has been milled to accommodate the capillary. A photograph of the sensor is shown 
in Figure 4.3.  
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Figure 4.4: Definition of the labelling dimensions of the DSRR, and expanded views of 
the microwave coupling structures. 
 
 
Figure 4.5: A cross section of the capillary inside the resonator gap.  
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A quartz capillary or PFA (perfluoralkoxy) tube are used for the liquids (models A and 
B), depending on whether static or flowing liquids are measured, respectively.  The 
inner diameter of the quartz capillary is Di = 0.3 mm and outer diameter D0 = 0.4 mm, 
where the comparable diameters of PFA tubes are 0.15 and 0.36 mm, respectively. The 
permittivity of the quartz and PFA are assumed to be 3.8 and 2.1, respectively. 
 
All electromagnetic simulations have been performed using COMSOL Multiphysics 
software. The electric field distribution in one of the gaps at the resonant frequency is 
presented in Figures 4.6 and 4.7, for three cases: without capillary, with an empty quartz 
capillary, and with a water-filled quartz capillary (model A). As shown in Figures 4.6(a) 
and 4.7(a), for the case with no capillary, the electric field concentrates at the edges of 
the rings. When the empty capillary is inserted, the electric field adopts a new 
distribution, as illustrated in Figures 4.6(b) and 4.7(b).    
 
The presence of the capillary will increase the intensity of electric field at the ring edges 
and the field inside the capillary will be reduced compared to outside. When the 
capillary is filled with water, the electric field is strongly concentrated between the 
edges of the rings and the capillary (yielding field amplitudes much larger than for the 
two previous cases) and the field inside the capillary is much less than outside it, owing 
to the depolarizing effects due to the highly polar nature of water molecules. The 
simulated results using liquid-filled quartz capillaries (model A) and PFA tubes (model 
B) are illustrated in Figure 4.8 and 4.9, respectively (dashed lines).  
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(a) 
 
(b) 
 
                                                              (c) 
Figure 4.6: Electric field distribution (V/m) in the gap of the DSRR (model A), shown as 
a cross section of one of the gap regions  : a- without capillary, b- with empty quartz 
capillary, c- with water-filled quartz capillary (note the strong depolarization of the 
electric field within the water). 
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(a) 
 
(b) 
 
 
                                                  (c)   
 
Figure 4.7. Electric field distribution (V/m) in the gap of the DSRR (model A), (in plane 
view, i.e. viewed from the top)  : a- without capillary, b- with empty quartz capillary, c- 
with water-filled quartz capillary. 
 
The simulation includes the interaction between the electromagnetic field and the 
solvents, which have the values of complex permittivity, calculated using the Debye 
model. For every solvent, the complex relative permittivity as a function of frequency 
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was defined in the simulation. As seen in Figure 4.8 and 4.9, the resonant frequency and 
quality factor have changed clearly, as a result of changes in the complex permittivity of 
the solvent. The simulation includes calculating the voltage transmission coefficient 
|𝑆21|  in the frequency domain for the empty capillary, and when it is filled with several 
types of common solvents (hexane, chloroform, methanol, ethanol, and water). Values 
of the Debye parameters for these solvents at an ambient temperature of 25
o
C were 
taken from [128], [153], and [154].  
 
To make the simulated results approximately identical to the measured results as shown 
in Figure 4.8 and 4.9, the corrected values of all parameters must be used in the 
simulation. These values include the new thickness of the microstrip dielectric after 
milling processing, the value of exact dimensions of the gapes, ring, and coupling 
elements after fabricating the DSRR (where there is an error of ±30 µm due to the 
milling cutting). Moreover, the real value of copper conductivity is different from the 
ideal value due to the roughness. Adding to that the error on the microstrip dielectric 
and capillary permittivities, and the error due to the position of the capillary inside the 
gape. Table 4.1 illustrates the real values of the all parameters that were used in the 
simulation. These values were obtained either by measuring them by microscope in case 
of the dimensions of the DSRR or by trial and error in case of the material permittivity.  
The procedure of matching between the simulated and measured results starts by 
matching the simulated |S21| in case of empty capillary with the measured results which 
involves using the values of DSRR that were measured by microscope and the slightly 
change the permittivity values of all materials. Once the acceptable matching between 
the simulated and measured responses of the empty capillary is achieved then the 
solvents are simulated. In case if the responses of the solvents are not exactly match 
with the measured results, that is because the temperature is not exactly 25
o
C where the 
solvent permittivity is very sensitive to the temperature variation.   
 
Table 4.1: DSRR dimensions and material properties using in the simulation. All 
dimensions are in mm. 
r1 r2 w2 w4 g d h εcapillary εdielectric σcopper (S/m) 
9.93 8.43 4.36 1.25 7.1 0.4 1.5 3.4 2.15 2×10
7
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Figure 4.8:  |𝑆21| of the sensor using a quartz tube (model A): simulated results by 
COMSOL Multiphysics Software (dotted lines), and measured results (solid lines and 
symbols). 
Figure 4.9: |𝑆21| of the sensor using PFA tube (model B): simulated results by 
COMSOL Multiphysics Software (dotted lines), and measured results (solid lines and 
symbols). 
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4.3.  Results and discussion  
To validate the sensor performance experimentally, |𝑆21| was measured for both the 
empty capillary and when it was filled with several types of solvents using the two types 
of capillaries and tubes (quartz and PFA). Several common solvents with different 
values of complex permittivities and relaxation times were chosen to test the sensor 
sensitivity for different materials, also in line with those used in the simulations. The 
results are illustrated in Figures 4.8 and 4.9, and Tables 4.2 and 4.3 for both types of 
capillary. Measurements were performed using an Agilent E5071B microwave network 
analyzer. As seen in Figures 4.8 and 4.9, there is good agreement between simulated 
and measured results. Small differences in the values of resonant frequencies from the 
simulation and measurement result from all parts of the prototype, but are mainly 
caused by the measurement uncertainties of the dimensions of the capillary, gaps, and 
copper thickness, the relative permittivity of the substrate, as well as the temperature.  
We have designed the coupling structures to give insertion losses at resonance in the 
range of 10 to 20 dB. This is to ensure a large signal to noise ratio for measurement, to 
offset the fact that such microstrip resonators have inherently a low Q. The difference in 
the amplitude of the simulated and measured |𝑆21| is about 0.5 dB, which is due to 
uncertainties in the dimensions of the coupling structures. Moreover, simulation with 
such small dimensions of the inner radius of the capillary and capillary wall thickness 
requires a very small mesh size and large number of mesh modes to obtain acceptable 
results, and so are limited by the computer and software capabilities. For each type of 
capillary, we have three sets of results:- simulated results that have been generated by 
COMSOL software, measured results that have been collected from the tests in the lab, 
and calculated results from the perturbation Equations 3 and 6 in appendix I.  
 
All these results are listed in Tables 4.2 and 4.3. For the measured results using the 
quartz capillary, it can be seen that the maximum resonant frequency shift occurs with 
water, which is 61.5 MHz, while the hexane causes the minimum shift. This is what we 
expect from the known permittivity of these liquids. On the other hand, the maximum 
quality factor is when the capillary is empty (approximately 250) and minimum value 
results with ethanol, as shown in Table 4.2.   The ratios of the change in resonant 
frequency and the change in bandwidth, normalized to the unperturbed resonant 
frequency ∆fr/fr and ∆fB/fr for the measured results are shown in Figures 4.10 and 4.11, 
respectively. These measured results are used to calculate the constants in Equations 3 
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and 6 (appendix I). To obtain optimal agreement between measured and calculated 
results, the constants 𝑘1 and 𝑘2 are calculated from averaged values obtained from 
measurements of several pairs of solvents. We selected chloroform-methanol, hexane-
water, and ethanol-water for this process. The averaged values of 𝑘1  and 𝑘2 are used to 
extract the calculated values of ∆fr/fr by substituting them in Equation 3, and are as 
illustrated in Table 4.2. 
 
To calculate the constants 𝐴1, 𝐴2 and 𝐴3 of Equation 6 (Appendix I), the measured 
values of ∆fB/fr  for hexane, ethanol, and water were selected and substituted in Equation 
6, giving a system of three linear equations, which were solved to obtain the values of 
the constants. These three constants were utilized to calculate the values of ∆fB/fr of 
other solvents (chloroform and methanol) which are listed in Table 4.3. The results 
show that there is an acceptable agreement between calculated and measured sets of  
∆fr/fr as well as ∆fB/fr. The same procedure was applied to the results obtained using the 
PFA tube and are listed in Table 4.3. Systematic errors between calculated and 
measured results in the case of using the PFA tube are less those when using the quartz 
capillary.  This is because single quartz capillaries are used each time, with the liquid 
filling by capillary action. There is a small variation in the capillary volume (of about 
2%) from capillary to capillary, and also a slight variation in the capillary position each 
time. The PFA tube was permanently in place with the liquid filling done by pump or 
syringe, thus removing these systematic errors owing to differences in tube geometries. 
Furthermore, the changes in ∆fr/fr and ∆fB/fr for the case of PFA tube are less than for 
the quartz capillary because the volume of the liquid inside the PFA tube (inner 
diameter is 150µm) is smaller than that in the quartz capillary (inner diameter is 300 
µm) for a fixed tube length. 
 
Table 4.4 contains a comparison between the calculated and measured values of the 
complex permittivity of the liquids and the error ratio between them. The complex 
permittivity is extracted from the measurements using an optimization routine based on 
matching the simulated and experimental results. Good agreements between such 
measured values of complex permittivity and those calculated from the Debye model 
are observed and so our sensors permit absolute values of complex permittivity to be 
deduced within the microfluidic environment.  
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In general, the differences between calculated and measured values of ∆fr/fr and ∆fB/fr 
are caused by several factors. Firstly, there are accuracy limitations of the calculation in 
Equations 3 and 6 (Appendix I). One of the main approximations in these equations is 
the uniform electric field in the gap, and simulations demonstrate that this not the case 
in practice. Secondly, some of the values of Debye parameters 𝜀𝑠, 𝜀∞, and 𝜏 of the 
liquids used in the calculations and simulations vary within the academic literature 
[129], and are also highly temperature dependent. All measurements here were done at a 
lab temperature of 25 ± 1ºC, but there might be short term variations in temperature of 
to 1ºC during the course of a measurement. It should be noted that all of these errors in 
absolute permittivity are systematic and are due to systematic uncertainties in sensor 
geometry and sensor material properties (e.g. permittivity of substrate and surface 
resistance of copper). Percentage changes in complex permittivity (such as those due to 
chemical reactions or multiphase flow, to name both two examples) have much smaller 
random errors, typically less than 0.1%, so can be studied very precisely with our 
sensors.  
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Table 4.2: A comparison between simulated, measured, and calculated values of ∆fr/fr and ∆fB/fr for quartz tube (model A). 
Liquid 
Simulated 
fr(GHz) 
Simulated 
∆fr(MHz) 
Simulated 
∆fr/fr 
Simulated 
Q 
Measured 
fr(GHz) 
Measured 
∆fr(MHz) 
Measured 
∆fr/fr 
Calculated 
∆fr/fr 
Measured 
Q 
Measured 
∆fB/fr 
Calculated 
∆fB/fr 
Empty 3.1035 ------- ------- 258.6 3.1035 ------ ------ ------ 250 ------ ------ 
Hexane 3.0875 16 5.18×10
-3
 250 3.088 15.5 5.02×10
-3
 6.26×10
-3
 249 1.606×10
-5
 1.606×10
-5
 
Chloroform 3.0695 34 0.0109 211.7 3.07 33.5 0.0103 9.24×10
-3
 203.5 9.140×10
-4
 1.018×10
-3
 
Ethanol 3.0575 46 0.0148 87.8 3.0561 47.4 0.01551 0.01619 84.4 7.848×10
-3
 7.848×10
-3
 
Methanol 3.0475 56 0.01837 142 3.047 56.5 0.01854 0.01857 142 3.042×10
-3
 2.900×10
-3
 
Water 3.0420 61.5 0.02021 226 3.042 61.5 0.02021 0.01951 231.5 3.196×10
-4
 3.196×10
-4
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Table 4.3: A comparison between simulated, measured, and calculated values of ∆fr/fr and ∆fB/fr for PFA tube (model B). 
Liquid 
Simulated 
fr(GHz) 
Simulated 
∆fr(MHz) 
Simulated 
∆fr/fr 
Simulated 
Q 
Measured 
fr(GHz) 
Measured 
∆fr(MHz) 
Measured 
∆fr/fr 
Calculated 
∆fr/fr 
Measured 
Q 
Measured 
∆fB/fr 
Calculated 
∆fB/fr 
Empty 3.1114 ------ ------ 268.5 3.1114 ------ ------ ------ 264.7 ------ ------ 
Hexane 3.1062 5.17 1.664×10
-3
 267.8 3.1062 5.17 1.664×10
-3
 1.841×10
-3
 262.3 3.456×10
-5
 3.456×10
-5
 
Chloroform 3.103 8.4 2.707×10
-3
 260 3.103 8.4 2.707×10
-3 
2.417×10
-3
 250 2.221×10
-4
 2.571×10
-4
 
Ethanol 3.0995 11.9 3.839×10
-3
 190 3.099 12.4 4.001×10
-3
 4.226×10
-3
 181.6 1.728×10
-3
 1.728×10
-3
 
Methanol 3.0967 14.7 4.747×10
-3
 227.7 3.097 14.4 4.650×10
-3
 4.682×10
-3
 223 7.064×10
-4
 6.526×10
-4
 
Water 3.0959 15.5 5.007×10
-3
 266.9 3.0961 15.3 4.942×10
-3
 4.836×10
-3
 258 9.810×10
-5
 9.810×10
-5
 
 
Table 4.4: A comparison between calculated and measured values of solvents complex permittivity and relative error. 
Liquid εs ε∞ 
τ 
(ps) 
Quartz Tube PTEF tube 
Calculated ε(f) Measured  ε(f) Error Calculated ε(f) Measured  ε(f) Error 
Hexane 1.894 1.890 5.8 1.89-j4×10
-4
 1.893-j7×10
-3
 0.05% 1.89-j4.1×10
-4
 1.893-j8×10
-3
 0.05% 
Chloroform 4.72 2.5 7.96 4.67-j0.333 4.71-j0.247 0.8% 4.67-j0.34 4.67-j0.2909 0.3% 
Ethanol 24.32 4.2 163 6.06-j5.83 6.43-j5.72 2.3% 6.02-j5.76 6.472-j5.623 2.9% 
Methanol 32.5 5.6 51.5 19.2-j13.4 20.18-j12.49 1.4% 19.0-j13.5 20.07-j12.39 1.2% 
Water 78.36 5.16 8.27 76.6-j11.3 77.42-j5.92 0.3% 76.5-j11.5 77.39-j6.016 0.33% 
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The values of ∆fr/fr and ∆fB/fr as function of 𝜀1 and 𝜀2 for the specific solvents measured 
here are shown in Figures 4.10 and 4.11, respectively. The green circles represent the 
calculated values for the complex permittivities of the specific solvents (hexane, 
chloroform, ethanol, methanol, and water). The blue circles are the measured values of 
∆fr/fr and ∆fB/fr. To provide a more complete picture of the use of the DSRR for 
evaluating dielectric properties of liquids, the values of ∆fr/fr and ∆fB/fr have been 
replotted as surface plots, with values of 𝜀1 and 𝜀2 covering the full range of values 
expected for almost all solvents; the plots are depicted in Figures 4.12 and 4.13 for case 
of quartz and PFA tubes, respectively. The red grid is the plot of Equations 3 and 6 
(Appendix I) in Figures 4.12 and 4.13, respectively.  Figure 4.13 shows that ∆f/fr is 
more sensitive to changes in  𝜀1 compared with 𝜀2 , whereas ∆fB/fr the opposite is true 
(as one would expect from simple first perturbation theory). We can give more 
explanation by simplifying the dipole moment equation of the sample in 3.23 ignoring 
the effect of the capillary walls:    
 
𝑝 ≈ 𝐴 ∙ (
𝜀𝑟𝐿−1
𝜀𝑟𝐿+1
) 𝐸0,                                                     4.5 
 
where 𝐴 is a constant, and ∆fr/fr and ∆fB/fr can be then approximated as: 
 
∆𝑓𝑟
𝑓𝑟
≈ 𝐵 ∙ 𝑅𝑒 (
𝜀𝑟𝐿−1
𝜀𝑟𝐿+1
)                                                   4.6 
∆𝑓𝐵
𝑓𝑟
≈ 𝐶 ∙ 𝐼𝑚 (
𝜀𝑟𝐿−1
𝜀𝑟𝐿+1
),                                                  4.7 
 
where 𝐵 and 𝐶 are constants. As 𝜀𝑟𝐿 = 𝜀1 − 𝑗𝜀2, then Equations 4.6 and 4.7 are: 
∆𝑓𝑟
𝑓𝑟
≈ 𝐵 ∙
(𝜀1
2−1)+𝜀2
2
(𝜀1
2+1)+𝜀2
2                                                      4.8 
∆𝑓𝐵
𝑓𝑟
≈ 𝐶 ∙
2𝜀2
(𝜀1
2+1)+𝜀2
2                                                      4.9 
 
From Equation 4.8, the change of ∆fr/fr with (𝜀1 − 1) is similar to the measured results 
as shown in Figures 4.10 and 4.12, which gives approximately linear relationship when  
𝜀1 is small (less than 20) and constant relationship above 20. On the other hand, it is 
difficult to describe the relationship between ∆fB/fr and 𝜀2  in Equation 4.9 as ∆fB/fr 
changes with both 𝜀1 and 𝜀2 at the same time. 
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Finally, from Figures 4.10 to 4.13, note that the DSRR becomes insensitive to 
measurements of 𝜀1 above about 20. This is due to the fact that for such high values of 
permittivity the depolarization is almost complete, and further increases in 𝜀1 do not 
result in increased dipole moment (note that the maximum dipole moment is that for a 
metal, where can think of 𝜀1 tending to infinity). The only solution to this lack of 
sensitivity for high 𝜀1 is to use a sample geometry which is not depolarizing, for 
example where the electric field is parallel to the capillary, and another PhD student at 
Cardiff University (Hayder Hamzah) is investigating such structures for generation of 
high electric fields within polar liquids such as water. 
 
 
Figure 4.10: Plot the ratio of the measured ∆𝑓𝑟 𝑓𝑟⁄  as a function of permittivity (𝜀1 − 1). 
 
 
 
Figure 4.11: Plot the ratio of the measured ∆𝑓𝐵 𝑓𝑟⁄  as a function of permittivity 𝜀2. 
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(a) 
 
 
(b) 
Figure 4.12: Plot of the measured and calculated ratio of ∆𝑓𝑟 𝑓𝑟⁄  as a function of 
permittivity from Equation 3 (Appendix I), a- using quartz capillary (model A), b- using 
PFA tube (model B). 
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(a) 
 
 
 
(b) 
Figure 4.13: Plot of the measured and calculated ratio of ∆𝑓𝐵 𝑓𝑟⁄  as a function of 
permittivity from Equation 6 (Appendix I), a- using quartz capillary (model A), b- using 
PFA tube (model B). 
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4.4.   Methods of multi-phase liquids sensing using the DSRR  
4.4.1. Electromagnetic and microfluidic design   
The DSRR described here can also be used as a microfluidic sensor, whose changes in 
resonant frequency and bandwidth with time can be used to determine the presence, 
speed and length of liquid segments, as well as the liquid permittivity (as has just been 
discussed in detail). The basic system for segment interrogation is shown in Figure 4.14. 
A segmented flow of discrete water and oil segments is set up inside the PTFE tube 
using a pump consisting of two syringes (one for oil and the other for water). The 
lengths of the oil and water segments are controlled by a motorized valve (MXX777-
601). LabVIEW software (by National Instruments Ltd.) is used to control both pump 
and valve. The outer diameter of the PTFE tube is 360 µm and the inner diameter is150 
µm.  
 
 
Figure 4.14: Schematic of the microfluidic system and split-ring microstrip resonator 
(DSRR) connected to network analyzer, all controlled using LabVIEW software. The 
segmented flow is shown in close-up. 
Network analyzer
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The changes in resonant frequency, bandwidth, and insertion loss of the DSRR due to 
the liquid perturbations [140] are measured using a network analyzer (Agilent E5071B) 
under LabVIEW control. The network analyzer is configured to take rapid 
measurements (every 15 ms). In this system we are also able to record the movement of 
the oil-water stream using a microscope camera. The schematic of the DSRR is 
illustrated in Figure 4.15. This is different to the geometry adopted for the permittivity 
measurements of pure solvents (Figure 4.4), in that the gap regions are less extended, 
leading to a more localized measurement of permittivity, allowing greater time 
resolution of segment flow. Two models of the DSRR have been designed to investigate 
the effect of the gap dimensions on the sensor performance. (C and D, described below). 
Of these two, model D provides the greatest spatial resolution owing to the shaping of 
its gap region (Figure 4.19). 
 
 
 
Figure 4.15: Schematic of the double split-ring microstrip resonator (DSRR) with 
input/output coupling structures, used for multi-phase flow measurements. 
 
 
g1
g2
r1
r2
r3
r4
d
PTFE tube
Coaxial port
88 
 
 
Figure 4.16: Photograph of the fabricated DSRRs (Models C and D). 
 
Table 4.5: Dimension of models C and D DSRR (all dimensions are in mm) 
Model g1 g2 r1 r2 r3 r4 d 
C 0.45 1.25 11.70 11.5 9.87 8.625 6.0 
D 0.45 0.20 11.75 11.7 9.87 9.120 4.5 
 
Photographs of both models (C and D) are shown in Figure 4.16, with the dimensions of 
each listed in Table 4.5. The resonators are fabricated by milling a Rogers Corporation 
RT/duroid® 5880 laminate, with a dielectric thickness of 1.57 mm, relative permittivity 
of 2.20±0.02 and loss tangent 0.0009. The thickness of the copper is 70 µm. The 
simulations of the models with empty, mineral oil, and water filled tubes were 
performed using COMSOL Multiphysics. This was chosen as a simple immiscible 
system to demonstrate the proof of concept of the flow sensor with simultaneous 
measurement of the complex permittivity of the segments, which a completely novel, 
multi-function sensor. The simulated and measured results of models C and D are 
shown in Figure 4.17 (a) and (b), respectively.  It is clear from the comparison between 
simulated and measured results that there are good agreements between them for both 
models.  The difference in resonant frequency between simulated and measured results 
is about 0.1 MHz in both models, while the insertion loss difference is about 0.05 dB. 
 
4.4.2. Performance of the sensor and extraction of segment length, speed, and 
permittivity  
The general response of the sensor (resonant frequency, and insertion loss) as a function 
of time are shown schematically in Figure 4.18, which also provides an explanation of 
Model C Model D 
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the relation between the position and movement of the oil-water segments, and the 
resulting resonant frequency and insertion loss of the DSRR. There are three possible 
states of resonant frequency and insertion loss, which we denote as (f1, IL1), (f2, IL2), 
(f3, IL3), linked to the fluid filling the two gaps of the DSRR, namely water-water (state 
1), water-oil or oil-water (state 2) and oil-oil (state 3).  
 
 
(a) 
 
(b) 
Figure 4.17: Comparison results between measured and simulated S21 for empty, 
mineral-oil, and water filled PTFE tube : (a) model C sensor, (b) model D sensor.  
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Figure 4.18: A schematic diagram showing the oil and water packets moving between 
the two gaps of the DSRR sensor, and the corresponding changes in resonant frequency 
and insertion loss.  
 
Referring again to the states of the DSRR, the values f1 and IL1 are the resonant 
frequency and insertion loss, respectively, when both gap regions are filled by water; we 
denote this as the initial state of the DSRR. When the oil segment starts to move it will 
subsequently fill the first gap. The time required to fill the first gap is t1 and the resonant 
frequency and insertion loss will increase dramatically from f1 to f2, and from IL1 to IL2, 
respectively. Here f2 and IL2 are the resonant frequency and insertion loss, respectively, 
of the DSRR when the first gap is filled by oil and the second gap by water. The time 
taken for oil to reach the second gap will be t2 and to fill the second gap is t3. When both 
gaps are filled by oil, the resonant frequency and insertion loss are f3 and IL3, 
respectively, and t4 is the time taken for oil to occupy both gaps. After that the new 
segment of water will enter and fill the first gap. It takes time t5 to fill the first gap and 
the resonant frequency and insertion loss will decrease rapidly from f3 to f2, and IL3 to 
IL2. The water segment takes time t6 to reach to the second gap, after which the resonant 
frequency and insertion loss will decrease rapidly from f2 to f1, and from IL2 to IL1. The 
speed of the liquid can be found from the time required for it to travel the distance 
between the first and second gap (t2 or t6), where the distance between the gaps is well 
t1 t2 t3 t4 t5 t6 t7 t8
WaterOil
f3
IL3
f2
IL2
IL1
f1
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known (i.e. 2r4). By calculating the speed of liquid, the length of oil or water can be 
calculated from the change in resonant frequency. The volume of oil or water segments 
are easy to find if the length and radius of tube are known precisely, as is the case here.  
The permittivity of liquid (oil or water) can be determined by comparing the results 
frequency shifts and bandwidth changes with the COMSOL simulations of Figure 4.17.  
 
4.5. Results and discussion 
In Figure 4.19 (a), the experimental differences in resonant frequency and insertion loss 
of the model C sensor between mineral-oil and water segments are shown to be 15 MHz 
and 0.4 dB, respectively. Figure 4.19 (b) shows the response of the model D sensor in 
which the differences in resonant frequency between oil and water is 2.9 MHz and 
insertion loss is 0.14 dB, approximately. The differences in resonant frequency and 
insertion loss are larger for model C than D, as expected since its gap capacitance makes 
up a smaller fraction of the overall capacitance of the DSRR. This makes model C more 
accurate in extracting the values of permittivity. Responses of model D offer higher 
spatial resolution than those of model C since the electric field is more localized to the 
gap region. Consequently, model D is more precise than C in measuring the length and 
speed of segments. Moreover, it is clear that the values of resonant frequency and 
insertion loss in the state when the first gap is filled by water and another by oil are not 
the same as those  
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(b) 
Figure 4.19: The change in resonant frequency and insertion loss with time for a stream 
of mineral oil-water segments in a PFTE tube at rate of 8 µL/min: (a) for model C, (b) 
for model D. 
 
of the converse state (when the first gap is filled by oil and the second gap filled by 
water), as shown in Figure 4.19 (a) and (b). The reason is that the gaps are not identical 
in dimensions because of the fabrication process; even a few microns difference in gap 
dimensions can yield such an asymmetry. 
 
This difference can be exploited to determine the precise position of oil or water. 
Finally, the value of insertion loss in Figure 4.19 (b) varies slightly with time when the 
same liquid is within the gaps (oil or water). This variation is due to small temperature 
drifts and highlights the importance of the need to stabilize the temperature to achieve 
more accurate and stable results. The two sets of extracted flow rate and length 
(obtained by the DSRR and also calculated from still images taken by a video camera), 
and complex relative permittivity (ε) are listed in Table 4.6. The average values and the 
standard errors are calculated for both sets of data, since the linear velocity of the 
segments is not constant due to the effect of motorized valve. Here v is the average 
linear velocity of the oil and water segments (20 samples are taken to measure v), and 
loil and lwater are the average segment lengths of the oil and water, respectively. The 
agreement between the measured values of length and velocity from the DSRRs and 
-27.18
-27.13
-27.08
-27.03
-26.98
-26.93
3.98
3.981
3.982
3.983
3.984
0 10 20 30 40 50 60 70
In
sertio
n
 lo
ss (d
B
) 
R
es
o
n
an
t 
F
re
q
u
en
cy
 (
G
H
z)
 
Time (sec.) 
 
93 
 
camera for the model D is much better than for C, as shown in Table 4.6. This makes 
model D is more sensitive to measurements of the segment velocity and length, while 
model C is more sensitive to measurements of the permittivity due to its larger 
capacitance value. The complex permittivity of both liquid segments is extracted from 
the sensor measurements using an optimization routine based on matching the simulated 
and experimental results. The results for water agree with the predictions of the Debye 
model for water at 25 ⁰C. 
 
Table 4.6: Extracted rate and length of the segment, time in sec., length in mm, and rate 
in mm/sec.  
Model 
Microwave measurements 
(sensed values) 
Camera measurements 
(physical values) 
t-test for 
v 
 v loil lwater v loil lwater 
C 7.0±0.3 143±6 88±4 5.7±0.3 116±6 72±3 1.62 
D 7.3±0.3 146±6 115±5 7.2±0.3 144±6 113±5 0.12 
                           εoil                                                       εwater 
C 2.10  j0.00 76.4  j13.6 (at 3.67 GHz) 
D 2.10  j0.00 76.0 j14.7 (at 3.98 GHz) 
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CHAPTER 5 – MICRO-SPHERE DETECTION AND 
CHARACTERIZATION  
 
 
 
Recently, microwave techniques have been utilized to build micro-particles and 
biological cells sensor. The microwave sensing of micro-particles and cells can provide 
many advantages, most notably the rapid, reliable, and accurate measurements that are 
obtained. Moreover, microwave cell detection is label-free method in which the cells are 
maintained in their original state, and easy to reproduce during the measurement [82]. 
  
However, most of the previous works have been dedicated to the dielectric assessment 
of groups of cells, rather than single cell properties. This is restrictive, as to give but one 
example, there is increasing evidence in other clinical and pre-clinical studies to suggest 
that the single-cell heterogeneity in the regulation of oncogenic signaling pathways is a 
general feature of most cancers. In [155] it was shown that the dielectric permittivity, 
capacitance and conductivity values of cell membranes are higher for normal 
lymphocytes than for malignant ones. Model-based numerical predictions of the 
dielectrophoretic behavior of spheroidal biological cells are carried out in [156]. A 
linear relationship was observed between the DNA content of eukaryotic cells and the 
change in capacitance in [157] that is evoked by the passage of individual cells across a 
1-kHz electric field. Moreover, theoretical analysis and measurement techniques for 
dielectric spectroscopy of biological cells in the radio frequency range were reviewed in 
[158]. 
 
In this chapter, a new application for a microwave microstrip split ring resonator (SRR) 
with a narrow, tapered, single-gap section, as a sensor for the dielectric characterization 
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of microparticles is demonstrated. This is shown schematically in Figure 5.1, illustrating 
the gap adaption for single cell investigations in medical and biological applications. In 
section 5.1, a brief theory and concepts of the odd and even resonator modes and the 
theoretical enhancements in sensitivity that can be expected by tapering and reducing 
the gap, and that due to reducing the overall size of the SRR. The methods which 
include the description of the sensor design and fabrication (together with simulation 
results) are presented in Section 5.2. In Section 5.3, the experimental results are 
demonstrated and discussed. 
 
 
 
 
 
Figure 5.1: Schematic of the split-ring microstrip sensor (the ground plane is on the 
back surface, not shown), connected to a microwave network analyzer and controlled 
by a LabVIEW program. Microspheres are passed through the gap region via a water 
filled, glass capillary. 
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Figure 5.2: Quasi-TEM modes of the SSR. (a) Odd mode (with large electric field in the 
gap), and (b) even mode (with small electric field in the gap). 
 
5.1. Theory  
5.1.1. Odd and even resonator modes  
The SRR based on the microstrip geometry (i.e. with ground plane) shown in Figure 5.1 
has odd and even mode resonances. The odd mode has the lower resonant frequency 
and occurs when the wavelength is equal to the electrical length of the ring plus the gap 
[151]; the even mode has higher frequency and occurs when the wavelength is equal to 
the ring length only [149].  The distribution of electric field in the gap cross section for 
both modes is shown schematically in Figure 5.2. In the odd mode configuration the 
electric field penetrates the gap where the capillary resides, while in even mode the 
electric field is mostly outside the gap. In our experiments, the odd mode is used to 
characterize the presence of microspheres whilst the even mode is insensitive to the 
microspheres but can be used as a useful reference, for example, to account for small 
changes in temperature. The input and output power couplings of the resonator are 
mostly inductive owing to their positioning at a magnetic field antinode, with a smaller 
degree of capacitive coupling arising from the fact that they are extended structures and 
are made of open-circuit, microstrip sections. 
 
5.1.2. Sensitivity enhancement of the SRR 
It can be seen from the perturbation Equations 3.30 – 3.32, and their simplified 
counterparts Equations 3.34 and 3.35, that greatest SRR sensitivity to the presence of a 
single microsphere is attained when its mode volume Vm is reduced. This is most easily 
accomplished by reducing the ring radius r of the SRR. Table 5.1 shows the results of a 
COMSOL Multiphysics
®
 4.4 simulation of the SRR shown in Figure 5.1, with varying 
radii r, giving unperturbed resonant frequencies labelled f0. As expected, to a good 
Even modeOdd mode
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approximation  f0  1/r since the SRR’s lumped inductance L is proportional to the ring 
area r2, and f0  1/L. The gap region is 70 m deep (defined by the thickness of the 
copper cladding), with in-substrate gap widths of 35 m  × 35 m to give a total 
geometrical volume of the gap of 8.58 × 10
4
 m3 (i.e. 8.58 × 105 mm3). We also 
simulate the perturbation on the SRR region imposed by inserting a single, spherical 
metal particle of radius 7.5 m within the gap volume. The sphere volume is 2.1% of 
the gap volume, thus giving a small perturbation from which the mode volume Vm for 
SRRs of varying radii can be computed using Equation 3.30. The resulting decrease in 
resonant frequency f is also shown in Table 5.1. A metal sphere of radius a completely 
depolarises the electric field within it by developing an electric dipole moment p = 
40E0a
3
 = 30E0Vs, where Vs is the volume of the sphere. This means that the mode 
volume Vm can be calculated from f of a metal sphere using  
 
f
fV
V


 2
3 0s
m               5.1 
 
The resulting values for Vm are also shown in Table 5.1. The fact that Vm increases with 
increasing radius r is indicative of the fact that the electrical energy is not solely stored 
within the gap region, but occupies a much larger volume outside of the gap. This is 
associated with charge storage on the curved ring surfaces itself, which is more effective 
the larger the radius r. The main results of Table 5.1 are plotted in Figure 5.3, for the 
resonant frequency f0 (Figure 5.3(a)) and also the mode volume Vm (Figure 5.3(b)) as a 
function of ring radius r. 
 
Table 5.1: Dimensions of the split ring resonators showing in Figure 5.1 and the 
simulated results of the resonant frequency shifts.  
r 
(mm) 
w 
(mm) 
Frequency, 
f0 (GHz) 
∆f (MHz) ∆f/f0 
Vm 
(mm
3
) 
1.75 0.5 9.8150 2.000 0.000204 0.01301 
2.25 0.5 7.4280 1.200 0.000162 0.01641 
3.50 1.0 4.9420 0.550 0.000111 0.02382 
5.50 1.0 3.9093 0.325 0.0000831 0.03188 
7.35 1.3 2.5073 0.150 0.0000598 0.04431 
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 (a)    
 
(b) 
Figure 5.3: Simulated results of varying the ring radius r of the SSR. (a) Resonant 
frequency for different ring radii.  (b) Effective volume for different ring radii 
(assuming a constant gap geometry).   
 
5.2. Methods  
The SRRs were fabricated by initial cutting of the ring shape and the gap structure using 
laser micromachining followed by fine finishing with a milling machine. The gap is 
defined in this way to a tolerance of 1 to 2 microns. A Rogers Corporation RT/duroid® 
5880 laminate was used with a substrate (dielectric) thickness of 1.57 mm, relative 
permittivity of 2.20 ± 0.02 and loss tangent 0.0009. The thickness of the copper is 70 
µm, which is chosen to be as thick as possible to ensure a higher quality factor Q. 
Polystyrene microspheres (Alfa Aesar, A Johnson Matthey Company) were chosen to  
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Figure 5.4: Photographs of the fabricated sensors E – G, with a magnified view 
showing the position of the glass capillary within the gap region.   
 
validate the sensor, of 15 and 25 µm diameters. These were dispersed in water and 
passed through the glass micro-capillary with the aid of a syringe. 
 
Three sizes of SRRs were designed to study the effect of the ring radius on the 
microsphere detection, here denoted models E, F and G; their dimensions are listed in 
Table 5.2. By changing the dimensions we change the mode volume Vm, which reduces 
Model A
Model B
Model C
35 µm
E
F
l G
r1
r2
r3
r4
ℓ 
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in going from model E to F to G, thus increasing their sensitivity to microsphere 
detection. In model E the gap was designed to be of width 35 µm, which is wide enough 
for two sizes of microsphere (diameters 25 and 15 µm) to pass through it, while in 
models F and G the gap and radius were reduced to increase the detection sensitivity of 
the smaller microspheres (diameter 15 µm).  
 
The soda glass capillary (SAMCO company) with permittivity of 3.8, inner diameter of 
1.3 mm, and outer diameter of 2 mm was heated to red hot and then pulled down to an 
outer diameter of 34 µm and inner diameter of 30 µm in the case of the model E sensor. 
For the models F and G sensors, the inner and outer capillary diameters are 28 and 23 
µm, respectively. Figure 5.4 shows a photograph of the magnified gap region with the 
capillary, together with the layout for models E to G. 
 
The constructional materials used here for the microwave microfluidic device 
comprised (i) an RT/duroid® 5880 laminate, with (ii) an integrated soda glass capillary. 
The laminate was chosen because of its favorable dielectric properties due to its PTFE – 
glass-fiber construction. Whilst, the method used here for integrating the glass capillary 
and the circuit board based SRR, do not conform to currently used microfluidic mass-
production techniques [159], the proof of principle functional operation does 
demonstrate that further work is justified in order to more effectively integrate the use 
of microwave interrogation techniques with microfluidic flows. The materials used to 
form microfluidic circuits depends hugely on the production volumes required, their 
disposability, solvent resistance, creep specifications, electro-optical transmission 
characteristics, and range from silicon, glasses, polymers, metals, elastomers, paper, 
sapphire, and diamond [160]. PTFE based materials, especially Teflon AF, offer 
excellent dielectric properties, solvent resistance, and can be light transmissive, but, on 
the other hand, are more difficult to bond as integrated capillary structures, and are not 
so amenable to cost-effective micro-structuring as are silicon and glass. It highly likely 
that the integrated microwave-microfluidic detectors, such as that demonstrated here, 
could be fabricated as separate small-scale plug-in modules, that could be inserted 
within more complex electrofluidic motherboards, and that the recent advances in 
additive 3D manufacturing [161] could enable such hybrid assemblies made from 
diverse materials sets. 
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Table 5.2: Dimensions of the spilt ring resonators shown in Figure 5.4 (all dimensions 
are in mm). 
Model r1 r2 r3 r4 ℓ gap 
E 10.9 10.6 8.0 6.7 6.0 0.035 
F 6.6 6.3 4.0 3.0 3.0 0.030 
G 4.6 4.4 2.5 2.0 1.5 0.030 
 
 
COMSOL Multiphysics
®
 4.4 was used to perform 3D simulations of the 
electromagnetic fields of the sensors with and without polystyrene spheres in water at 
25 ºC. The EM waves model was used to simulate the S –parameters of the SRRs. The 
wave equation in the frequency domain was computed in the EM waves model as 
described in the software [162] according to Equation 4.4. As in previous simulations, 
the impedance boundary condition is used for the copper surfaces of the resonator and 
ground in order to incorporate the copper losses. The scattering boundary condition was 
utilized for the faces of the volume 40 × 34 × 40 mm3 (enclosing the device) to make 
the boundaries transparent for the scattered waves. Coaxial ports were used to feed the 
electromagnetic energy to the resonator. The relative permittivity of water (𝜀 = 𝜀1 −
𝑗𝜀2) was described in the simulation by using Debye Theory [1] as its permittivity is 
variable with frequency. The properties of the materials that were used in the simulation 
are shown in Table 5.3. The simulated and measured results of the three models E- G 
are illustrated in Figure 5.4.  
 
Table 5.3: Material properties using in the simulation at 25ºC. 
Material 𝜀1 𝜀2 𝜎 (S/m) 
Air 1 0 0 
Microstrip Dielectric 2.21 0 3.17 × 10−4 
Copper 1 0 2.70 × 107 
Polystyrene microsphere 2.10 0 0 
Glass Capillary 3.80 0 1.00 × 10−12 
Water [128] 
𝜀𝑠 𝜀∞ 𝜏 (pse) 
78.4 5.16 8.27 
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In Figure 5.5 (a), the measured and simulated results of |S21| of the model E are shown 
for three cases: water only, water and 15 µm diameter microsphere, and water and 25 
µm microsphere. The measured and simulated results of models F and G are illustrated 
in Figure 5.5 (b) and (c), respectively, for water and 15 µm diameter microsphere cases. 
In all models, the results shown in Figure 5.5 demonstrate that there is good agreement 
between the measured and simulated results. 
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(c) 
Figure 5.5: Measured and simulated S21 of the sensors with a single microsphere 
dispersed in water in the gap region. (a) Model E. (b) Model F. (c) Model G. 
 
5.3. Results and discussion  
 
 
 
Figure 5.6: Photograph of the assembly of the sensor, network analyzer, laptop 
computer and optical microscope to aid positioning of the polystyrene microspheres in 
the gap region. 
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The bench-top assembly of the split ring resonator with the network analyzer, 
microscope and computer is shown in Figure 5.6. We consider first the results of model 
E, with a resonant frequency of approximately 2.5 GHz. Figure 5.7 shows the 
broadband transmission response (i.e. |S21|) of the resonator’s first (odd mode) and 
second (even mode) resonant frequencies. 
 
The odd mode is perturbed by the dielectric properties of the material within the gap as 
there is a strong electric field there. Conversely, the even mode is almost unperturbed as 
its electric field is confined mostly between the ring and the ground plane. The changes 
in the resonant frequency and the insertion loss of the odd mode with time due to a flow 
of microspheres along the capillary are shown in Figure 5.8 (a) and (b), respectively. 
The results in Figure 5.8 were collected by a computer running a LabView program to 
record instantaneously the change in resonant frequency and insertion loss of both 
modes owing to the movement of the microspheres. 
 
 
 
 
Figure 5.7: Measured broadband |S21| response of the split ring resonator (model E), 
showing the odd and even mode responses (the even mode has the higher frequency of 
the two). 
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             (a) 
 
                 (b) 
 
           (c) 
Figure 5.8: Variation of the resonator parameters with respect to time when a 15 µm 
diameter microsphere enters the gap region of model E (2.5 GHz), followed by a 25 µm 
diameter microsphere.  (a) The resonant frequency of the odd mode, (b) the insertion 
loss of the odd mode, and (c) the resonant frequency of the even mode.  
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The |S21| data was fitted to a Lorentzian curve, from which the resonator parameters 
were extracted. The network analyzer was an Agilent E5071C, with an IF bandwidth of 
10 kHz and 401 sweep points to give a sweep time of approximately 0.07 s. This is fast 
enough to capture enough data during the short time (around 2 s) when the microsphere 
occupied the gap region of the SRR. Increases in the odd mode resonant frequencies 
were measured to be 150 ± 8 kHz and 350 ± 18 kHz due to the presence of the 15 and 
25 m diameter microspheres, respectively. The increases in insertion loss were 
measured to be 0.030 ± 0.002 dB and 0.060 ± 0.003 dB, respectively.  
 
Furthermore, there was no measured perturbation of the even mode with the same 
microsphere flow, as expected (Figure 5.8 (c)). Therefore, the even mode has the very 
useful property that its resonant frequency can be used to monitor (and indeed correct 
for) minute changes in temperature. This is essential in a practical device owing to the 
highly temperature-dependent complex permittivity of water. Otherwise, small increases 
in temperature could be inferred as being due to changes in the dielectric properties of 
the microspheres. The complex permittivity of the microspheres can be extracted from 
the resonator measurements using approaches in chapter four when the size of the 
microsphere is known. For example, in model E the extracted relative permittivity of 
microsphere is 2.1±0.1.  
 
Whilst the perturbations on the resonator are small in the case of Figure 5.8, they can be 
unambiguously separated from the effects of small temperature changes. A change in 
temperature would cause the baseline to shift up or down, accordingly. However, this is 
likely to occur on a timescale which is much longer than the perturbations associated 
with the presence of the microspheres (typically less than 2 seconds), and these short 
term changes will be readily separated from the longer term effects of temperature drift. 
 
To verify the usefulness of the even mode in correcting for temperature, the sensor was 
measured in a temperature-controlled oven (Memmert, Model: IPP 400) with a high 
degree of temperature control (±0.1 ºC) over the range from 20 to 32 ºC. The resulting 
fractional changes in resonant frequencies of both modes with temperature are shown in 
Figure 5.9. The resonant frequencies of both modes increase with temperature as the 
dielectric thickness expands with increasing temperature. The increase in frequency for 
the odd mode is some 30% larger than for the even mode due to additional expansion of 
107 
 
the gap width, which causes an additional frequency shift. The results of Figure 5.9 for 
the even mode can be used to deduce an accurate value of the temperature, and hence 
also the additional frequency shift in the odd mode caused by a change in temperature. 
 
The increase in insertion loss when a microsphere is present is an interesting result that 
arises since the microsphere enhances the electric field inside the water filled capillary. 
This subsequently increases the dielectric losses, as has been discussed in detail in 
section 5.1.2. 
 
  
 
Figure 5.9: Change in the fractional resonant frequency with temperature Δf/fr of both 
odd and even modes. 
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Figure 5.10: Electric field (V/m) in the gap region of the odd mode with a water-filled 
capillary (a) without microsphere, (b) with microsphere. 
 
This explanation is supported by simulation, as can be seen in Figure 5.10 which shows 
the simulated electric field distribution on the cross section of the gap region. The 
simulations show that the volume integrated electric field intensity E
2
 within the water 
surrounding a 25 µm diameter microsphere (Figure 5.10 (b)) is larger than when the 
microsphere absent (Figure 5.10 (a)). 
 
To increase the ability of the sensor to discriminate the spheres with 15 µm diameter, or 
to deal with spheres (such as biological cells) which may not have such large 
differences in their permittivity with that of the host liquid, two smaller models F and G 
have been designed and tested.  
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(a)  
 
  (b) 
Figure 5.11: Variation of the resonator parameters with respect to time when a 15 µm 
diameter microsphere enters the gap region in model F (5 GHz).  (a) The resonant 
frequency, and (b) the insertion loss. 
 
In these two models the gap width was reduced to 30 µm and the ring radii were 
decreased to 3.5 and 2.25 mm for model F and G respectively, as shown in Table 5.2. In 
model F, the resonant frequency is set at 5 GHz and its S21 is shown in Figure 5.4 (b). 
The changes in the resonant frequency and amplitude (losses) are shown in Figure 5.11.  
The shift in resonant frequency is 400 ± 20 kHz and the increase in the insertion loss is 
0.012 ± 0.001 dB, which is more sensitive to the 15 µm diameter microsphere than 
model E. 
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(a) 
 
(b) 
Figure 5.12: Variation of the resonator parameters with respect to time when a 15 µm 
diameter microsphere enters the gap region in model G (7.5 GHz).  (a) The resonant 
frequency (b) The insertion loss. 
 
More sensitive results have been obtained from model G, as shown in Figure 5.12. The 
shift in resonant frequency is now 1.00 ± 0.05 MHz and the increase of the insertion 
loss is 0.040 ± 0.002 dB when the 15 µm diameter sphere passes though the gap of 
model G.  
 
The results have some variation due to small temperature drifts. The change in 
temperature arises due to the flow of water inside the capillary; the water needs to reach 
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thermal equilibrium to achieve stable, and hence accurate, results. In addition, the 
variation in results comes from the limitation of the network analyzer sensitivity as the 
changes in S21 are very small.   
 
Finally, since the hope is to apply this sensor for the detection of human cells, a 
simulation has been performed of the SRR with the 15 micron microsphere replaced by 
a “white blood cell” with diameter of 12 µm [155] of representative permittivity of 10 
and conductivity of 0.5 at 7.5 GHz [163] as shown in Figure 5.13. In the smallest SRR 
(model G) this gives a frequency shift of 0.5 MHz, so we expect our method to be able 
to quantify both the presence, and measure the complex permittivity, of individual cells. 
 
 
 
Figure 5.13: Simulated S21 of the model G sensor with a single white blood cell 
dispersed in water in the gap region.  
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CHAPTER 6 - DUAL MODE MICROWAVE MICROFLUIDIC 
SENSOR  
 
 
 
A common problem in microwave microfluidic sensors is temperature variation, as the 
liquid permittivity is often very sensitive to the change in temperature (water being an 
example) which yields to inaccurate measurements. Several works have been dedicated 
to solve this problem. In [164] the error frequency shift of the resonator due to the 
temperature effect on the sample dielectric properties was determined by using 
reference measurements in which the resonator does not need cooling. Another idea was 
proposed by us in chapter five where the even mode can be used to monitor (and indeed 
correct for) minute changes in temperature. However, there is still a small influence of 
the sample on the even mode, which complicates the correction process. 
 
A new, versatile sensor is proposed in this chapter which has an in-built reference 
resonant frequency which is almost completely insensitive to the presence of the 
dielectric sample, and so can be used to monitor the temperature changes and hence to 
calibrate the dielectric measurements accordingly. Such separation of the responses of 
measurement and reference sensor is accomplished by the design, which uses separate 
resonators for each function. The block diagram of the sensor is shown in Figure 6.1 
that illustrates the principle of using the two resonators; one is for liquid sample 
characterization and other for temperature calibration. 
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Figure 6.1: A block diagram of the concept of the dual-mode microstrip sensor (DMS), 
incorporating two independent resonators, only one of which is sensitive to the presence 
of a liquid sample. 
 
This chapter is structured as follows: in Section 6.1, brief concepts and theory of the 
perturbation theory, the temperature dependence of liquids and the microstrip resonators 
adopted, and the use of LabVIEW interface are presented. We label this type of sensor 
“DMS”  i.e. dual-mode mircostrip sensor. Experimental methods, which include the 
description of the sensor design and fabrication (together with simulation results), are 
presented in Section 6.2. In Section 6.3, the experimental results are demonstrated and 
discussed.  
 
6.1. Brief theory and concepts  
6.1.1. Resonance perturbation  
A half wavelength microstrip resonator is adopted to build the DMS sensor as shown in 
Figure 6.2. In this structure the electric field energy is stored predominantly in the 
microstrip’s dielectric. If the sample capillary is filled with a liquid sample and is 
inserted within the dielectric, under the end of the quarter ring (as shown in Figure 6.2), 
a material perturbation will occur which causes a shift in the resonant frequency [140], 
estimated to a good approximation by the first order cavity perturbation equations as 
given in Equations 3.30 and 3.31. As with the sensors described in earlier chapters, a 
reduction in the resonant frequency and Q can be exploited to measure the permittivity 
of the liquid within the capillary, with the added benefit for the DMS of the ability to 
correct for changes in ambient temperature. 
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Figure 6.2: Schematic of the dual mode microstrip sensor DMS inside aluminium 
cavity. 
 
6.1.2. Temperature dependence  
There are two temperature-dependent factors that cause inaccurate measurements of 
dielectric property measurements of liquids when using microstrip-based resonant 
sensors; the change in liquid permittivity with temperature, and the changes in resonator 
dimensions and dielectric constant of the microstrip. For polar liquids, the permittivity 
at certain frequency is given in [1],[138], and [139], also in Equations 3.10 and 3.11. 
Both real and imaginary parts of the liquid permittivity decrease with temperature, 
which make Equations 3.30 and 3.31 temperature dependent and so will affect the 
permittivity measurement.   
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The length and width of the microstrip line expand with temperature. The change in the 
microstrip line length ∆𝑙 with temperature is given (to first order in changes in 
temperature) by [165], [166] as:  
 
∆𝑙 = 𝑙𝛼𝑙∆𝑇                                                          6.1 
           
where 𝛼𝑙 is the linear thermal expansion coefficient of the copper making up the 
microstrip line (where 𝛼𝑙 = 16.5 × 10
−6/𝑜𝐶 ). The value of the substrate dielectric 
permittivity and the thickness of the dielectric also change with temperature. Similarly 
to Equation 6.1, the change in the dielectric constant  ∆𝜀𝑟  with temperature is given by 
[165], [166] as:  
 
∆𝜀𝑟 = 𝜀𝑟𝛼𝑟∆𝑇                                                         6.2 
 
where 𝛼𝑟 is the temperature coefficient of the dielectric constant (𝛼𝑟 = 173 × 10
−6/𝑜𝐶 
for RT/Duroid 5870 laminate). The combination of the expansion in the microstrip line 
dimensions (length and width) and dielectric thickness, and dielectric constant variation 
with temperature will all increase the resonant frequency [167]-[169] as the temperature 
is increased. 
 
6.1.3. LabVIEW Interface 
As has been described, in order to obtain dielectric measurements, accurate 
measurement of the resonator Q and frequency is required. Instrument noise is 
minimized by extracting resonator parameters from the coefficients of a fitted 
Lorentzian curve to measured power transmission co-efficient in frequency domain. The 
power transmission coefficients between port 1 and 2, or between 1 and 3, can be 
written generally as: 
 
|𝑆21,31|
2
=
4𝑔
(1+2𝑔)2+4𝑄𝑜
2(
𝑓−𝑓0
𝑓0
)
2 =
𝑃0
1+4𝑄𝐿
2(
𝑓−𝑓0
𝑓0
)
2              6.3 
 
where g is the coupling coefficient (assumed equal, i.e. symmetric, at each port),  fo is 
the resonant frequency, 𝑄𝐿 = 𝑄𝑜(1 − √𝑃𝑜); Po is the power transmission coefficient at 
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resonance, which is related to the value of coupling coefficient. This unloading 
procedure for Q relies on there being symmetric coupling, which is attained 
experimentally by having equal coupling gaps between the port feedline and the 
microstrip line of each resonator. Furthermore, this method is often regarded as the most 
accurate for low SNR, as is the case here with low resonator Q, unlike a marker based 
bandwidth approach using data taken directly from the network analyzer. 
 
A program was created in LabVIEW to interface with the network analyzer and 
simultaneously measure S21 and S31. The curve fitting procedure, also implemented in 
LabVIEW, utilizes the Levenberg-Marquardt algorithm to find a fit minimizing the 
mean squared error between the data and fit. 
 
In an environment where the temperature is changing, it is important that frequency 
sweep times are minimized in order to reduce the effect of a changing response during 
the sweep. This requirement necessitates the reduction of the number of frequency 
points, which in turn requires the reduction in measurement span in order to maintain 
accuracy. Therefore, the measurement program was designed to continually adjust the 
measurement window to track the resonance peak.  
 
6.2. Experimental methods  
The DMS design is based on the idea of two microstrip resonator sensors excited 
simultaneously with one input port. The first sensor is used to characterize the liquid 
sample and the second one is dedicated to determine the change in the ambient 
temperature, since the liquid and all resonator elements (copper and dielectric 
dimensions and material properties) are functions of temperature. A half wavelength 
microstrip line is adopted for the design of the sensor, which is a half wavelength 
resonator with open circuit ends (where the electric field will be a maximum). The 
resonant wavelength is then related to the length of the strip by [170]: 
  
𝑙 = 𝑛𝜆𝑔 2⁄                                                        6.4 
 
where 𝜆𝑔 = 𝜐𝑝 𝑓 = 𝜆𝑔 √𝜀𝑒𝑓𝑓⁄⁄  and n integer, allowing resonant frequency to be 
calculated. The effective permittivity eff can be calculated used standard means (e.g.  
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Figure 6.3: Photograph of the fabricated sensor with three ports. 
 
Table 6.1: Dimensions of the sensor shown in Figure 6.3, (all dimensions are in mm). 
i ri θ3(deg.) wi di 
1 24.9 85 10.2 1.6 
2 27.9 90 1.0 1.6 
 
LineCalc, within Keysight’s ADS software). The resonators were fabricated by 
mechanical milling of a Rogers Corporation RT/Duroid 5870 laminate, with a dielectric 
of thickness of 3.18 mm, relative permittivity of 2.33±0.02, and loss tangent of 0.0012. 
The thickness of the copper is 35 µm. All of the dimensions are illustrated in table 6.1. 
In order to avoid undesirable field coupling between the two resonators [171], they were 
designed to have two different resonant frequencies (2.53 GHz for the liquid loaded 
resonator, with the reference resonator at 2.65 GHz, i.e. 120 MHz shift between them). 
This was done by making them slightly different lengths, as shown in Figure 6.3 and 
table 6.1. This minimises any interference between them when liquid sample is under 
test, and brings the frequency of the loaded resonator into the range 2.45 to 2.50 GHz, 
i.e. one of the industrially important IMS bands. 
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The position of the capillary was chosen to be between the end of the microstrip line 
resonator and the ground through the dielectric, as shown in Figure 6.2, to obtain 
maximum perturbation of the resonator as the electric field will be highest here. A duct 
of dimensions 2×2×50 mm was milled on the back side of the microstrip board to hold 
the capillary and then the duct was finally layered by copper sheet. A soda glass 
capillary (SAMCO company) with inner diameter of 1.4 mm and outer diameter of 2 
mm and permittivity of 3.8 is used to hold the liquid.   
 
Several approaches have been used to increase the quality factor of the resonators which 
helps to increase the sensitivity of the sensor. In [40] a passive ring resonator with an 
active feedback loop to generate negative resistance and compensate for the resonator’s 
loss was proposed, which in return significantly increases the quality factor of the 
system. In this work, the microstrip resonator board was set inside rectangular cavity 
(an aluminum box), which increases the quality factor from 80 to 360 by reducing the 
radiation loss from the structure. This is approximately the optimal Q expected for the 
resonators, given the loss tangent of the substrate and the surface resistance of the 
copper conductors, each of which give a dielectric Q and conductor Q of about 800. 
 
The size of the cavity is designed to be small enough to that its own resonant 
frequencies are much larger than the resonant frequencies of the sensor to avoid the 
interference between them. The microstrip board is fixed on the bottom of the box by 
four metal screws, as shown in Figure 6.2, and the capillary is inserted into the 
microstrip board through the holes in the outer rectangular cavity. SMA connectors 
were connected to the sensor via the box to connect to the network analyzer. COMSOL 
Multiphysics
®
 simulations were performed for the sensor with an empty, chloroform 
filled, and water filled capillary at 25ºC. The complex permittivities of the liquids 
(water and chloroform) are assumed to have real and imaginary parts which are well 
described by Debye theory [1]. Values of the Debye parameters for water and 
chloroform at an ambient temperature of 25ºC were taken from [128], the same as those 
used in earlier chapters. The simulated and measured results are illustrated in Figure 6.4, 
showing good agreement between the two. 
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(a) 
 
(b) 
Figure 6.4: Measured and simulated S-parameter of the sensor with empty, chloroform, 
and water filled capillary. (a) S21 and S31. (b) S11. 
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Figure 6.5: Electric field distribution in the cross section of the end of the sensing 
resonator of the sensor (V/m), generated by a COMSOL simulation: (a) With empty 
capillary. (b) With chloroform-filled capillary. (c) With water-filled capillary. 
 
The distribution of the electric field of the cross section of the coupling end of the 
sensing resonator (sensing branch) of the device is illustrated in Figure 6.5, which was 
performed by using COMSOL Multiphysics
®
. Figure 6.5 shows three cases: empty 
capillary, chloroform-filled capillary, and water-filled capillary. In the case of empty 
capillary, the electric field concentrates between the edges of the resonator and coupling 
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strips and on the top of the capillary at the 2.517 GHz resonant. The presence of the 
chloroform in the capillary, as shown in Figure 6.5(b), increases the intensity of the 
electric field at the polar regions outside of the capillary, and reduces it inside the 
capillary at the resonant frequency of 2.510 GHz. When the capillary is filled with 
water, the electric field is strongly concentrated at the resonant frequency of 2.494 GHz 
between the edges of the resonator and the coupling strip, and the capillary (much more 
than the values of the two previous cases). The field inside the capillary is much less 
than outside it and also the previous two cases, due to the highly polar nature of water 
causing large reduction (depolarisation) of the internal field. 
 
6.3. Results and discussion  
To verify the sensor performance, a temperature scan was applied.  An oven (Memmert, 
Model: IPP 400) with a high degree of temperature control (±0.1ºC) was used to heat 
the sensor from 23 to 35ºC. The rise time was set to be very slow (five hours) to ensure 
approximate thermal equilibrium among all parts of the sensor, capillary, and the liquid. 
 
 
Figure 6.6: Photograph the bench-top experimental assembly. The sensor is put inside a 
computer-controlled oven and connected to an Agilent PNA-L N5232A network 
analyzer under LabVIEW program control.   
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The bench-top assembly of the sensor inside the oven with network analyzer and 
LabVIEW control program is shown in Figure 6.6. As the sensor has three ports (one 
for input and two for outputs) the PNA-L N5232A network analyzer (Agilent 
technologies) with four ports is used to measure the S- parameters (S11, S21, S31) of the 
sensor as function of temperature. Moreover, a LabVIEW program has been developed 
to collect the results from the network analyzer and from a temperature sensor, which is 
a platinum resistance thermometer connected to the microstrip ground. 
 
 
(a) 
 
(b) 
Figure 6.7: Port 2 measurements of the reference resonator with temperature, when the 
sensor resonator contains empty, chloroform, and water filled capillaries. (a) Resonant 
frequency, and (b) quality factor.  
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As shown in Figure 6.7 (a), when the microwave measurement was taken from port 2 
(reference port) when undertaking the temperature sweep, the resonant frequency was 
found to increase with temperature. This behaviour is explained in Section 6.1.2, as the 
effect of the thermal expansion of the dielectric thickness expansion with temperature is 
the dominant over all other parameters (copper thermal expansion and the temperature 
coefficient of the dielectric constant of the substrate). This decreases the distributed 
capacitor of the microstrip and so increases the resonant frequency. Moreover, the 
losses have increased with temperature as shown in Figure 6.7 (b) as the conductivity of 
the copper decreases.  
 
 
(a) 
 
(b) 
2.495
2.500
2.505
2.510
2.515
2.520
23 24 25 26 27 28 29 30 31 32 33 34 35
R
es
o
n
an
t 
fr
eq
u
en
cy
 (
G
H
z)
 
Temperature (ºC) 
Empty
Chloroform
water
7.2
7.3
7.4
7.5
7.6
7.7
23 24 25 26 27 28 29 30 31 32 33 34 35
B
an
d
w
id
th
 (
M
H
z)
 
Temperature (ºC) 
Empty
Chloroform
water
124 
 
 
(c) 
Figure 6.8: Port 3 measurements with temperature for empty, chloroform, and water 
sample. (a) Resonant frequency, (b) bandwidth, (c) quality factor.  
 
Comparatively, the changes in resonant frequency measured from port 3 when the 
capillary is empty are very similar to those from port 2 (for the sensor resonator), with 
some minor differences as the structures are not identical; e.g. due to the present of the 
duct in one, as shown in Figure 6.8 (a). The resonant frequency of reference resonator 
(port2) at 23ºC is 2.6436 GHz, and at 35ºC is 2.6449 GHz which means that the shift in 
the resonant frequency is +1.3 MHz. In the case of the empty capillary resonator (port 
3) the resonant frequencies at 23 and 35ºC are 2.5168 and 2.5183 GHz, respectively, 
and the shift in this case is +1.5 MHz.  
 
The sensor then was tested with the two liquids chloroform (weakly polar) and water 
(strongly polar). The change in the resonant frequency, 3 dB bandwidth, and quality 
factor with temperature from port 3 with chloroform filled capillary are shown in Figure 
6.8. The shift in resonant frequency over the range of temperature sweep is about 1.91 
MHz. There are also changes in the bandwidth and quality factor. In the case of water, 
the shifts in resonant frequency, losses, bandwidth, and quality factor will be larger as 
illustrated in Figure 6.8. The resonant frequency increases from 2.4961 GHz at 23ºC to 
2.4983 at 35ºC with shift of 2.2 MHz. The resulting fractional changes in resonant 
frequencies of both resonators (port 2 and 3) with temperature are shown in Figure 6.9. 
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Figure 6.9: Change in the fractional resonant frequency with temperature Δf/fr of both 
resonators (port 2 and port3). 
 
 
Figure 6.10: Change in the fractional quality factor with temperature ΔQ/Q of both 
resonators (port 2 and port3). 
 
Moreover, Figure 6.10 shows the change in the fractional quality factor with 
temperature between the reference resonator (port 2) and the port 3 with empty capillary 
the results can be approximated to linear relationships in which can be used to 
determine the losses of the port 3 from the losses of the port 2. 
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All these results show the need to know the effect of instantaneous temperature on 
liquid permittivity and sensor materials, to calibrate the measurements. The reference 
channel (port 2) can provide the information of the value of temperature which can then 
be used to obtain accurate, corrected values of the liquid permittivity.  
 
The correction of the results can be done by removing the changes in the resonant 
frequency and quality factor that come from the effect of the temperature on all parts of 
the resonator except the liquid sample in which the corrected results of the resonant 
frequency and quality factor must only represent the variation in the complex 
permittivity of the liquid sample due to the temperature. The changes in resonant 
frequency and quality factor for all parts of the resonator except the liquid sample can 
be found from the measurements of the port 2 (reference resonator). As shown in Figure 
6.9, the approximate relationship between ∆f/f of the reference resonator (port 2) and 
∆f/f of the empty capillary (port 3) can be easily found as: 
 
∆𝑓/𝑓𝑒𝑚𝑝𝑙𝑡(𝑝𝑜𝑟𝑡3) = 𝐾 ∙ ∆𝑓/𝑓𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑝𝑜𝑟𝑡2)                                6.5 
 
where K is constant which can be calculated from Figure 6.9 (K≈1.15). Similarly, as 
shown in Figure 6.10, the change in the quality factor (∆Q/Q) of the reference resonator 
(port 2) and that for the empty capillary (port 3) can be linked together  as: 
 
  ∆𝑄/𝑄𝑒𝑚𝑝𝑡𝑦(𝑝𝑜𝑟𝑡3) = 𝐾 ∙ ∆𝑄/𝑄𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑝𝑜𝑟𝑡2)                                6.6 
 
K in this case is equal to 1.6. From Equations 6.5 and 6.6, the resonant frequency and 
the quality factor in the case of the empty capillary of port 3 can be found 
instantaneously from the measurements of port 2 as function of temperature.  If we 
assumed room temperature (25ºC) as the reference temperature to calibrate the results 
(which is used later to extract the value of the complex permittivity of the liquid) then 
the changes in the resonant frequency and quality factor of the empty capillary as 
function of temperature of port 3 can be found as: 
 
∆𝑓𝑟(𝑇) = 𝑓𝑟(𝑇) − 𝑓𝑟(25
𝑜)                                             6.7 
 
127 
 
∆𝑄𝑟(𝑇) = 𝑄𝑟(𝑇) − 𝑄𝑟(25
𝑜)                                          6.8 
 
The corrected values of the resonant frequency and the quality factor (for water or 
chloroform) will be the instantaneous measurements minus the  ∆𝑓𝑟(𝑇) and ∆𝑄𝑟(𝑇) of 
the empty capillary, respectively, as: 
 
𝑓𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − ∆𝑓𝑟(𝑇)                                         6.9 
 
𝑄𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − ∆𝑄𝑟(𝑇)                                     6.10 
 
 
(a) 
 
(b) 
Figure 6.11: Port 3 corrected measurements with temperature for water sample. (a) 
Resonant frequency, (b) quality factor. 
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(a) 
 
(b) 
Figure 6.12: Port 3 corrected measurements with temperature for chloroform sample. 
(a) Resonant frequency, (b) quality factor. 
 
The corrected results (resonant frequency and quality factor) for water and chloroform 
are shown in Figures 6.11 and 6.12, respectively, where the effect of temperature on the 
resonator parts (except the liquid sample) was removed. The complex permittivity is 
extracted from the measurements using an optimization routine based on matching the 
simulated and experimental results. In case of water, the values of its complex 
permittivity as function of temperature is calculated from [130] and used as reference 
for comparison with the measured and corrected results to find the error. The error of 
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the complex permittivity values which are calculated from the measured (uncorrected) 
results is from 2.6% to 11.4% depending on the temperature value, while in the case of 
corrected results the error reduces to 0.3-0.9%. The same procedure was done to the 
chloroform.  
 
As there are no reliable, published data about the values of the complex permittivity of 
chloroform as a function of temperature and frequency, a separate microwave 
cylindrical waveguide cavity with inner radius a = 46 mm and length d = 40 mm  was 
used to measure the complex permittivity of chloroform using standard  cavity 
perturbation analysis [140], [172]. This can be done over a variable temperature range 
by placing the cavity in an oven (Memmert, Model: IPP 400) with a high degree of 
temperature control (±0.1ºC). The complex permittivity of chloroform was measured 
over the temperature range 23-35ºC at the two resonant frequencies of the TM010 and 
TM020 modes of the cylindrical cavity (at 2.5 and 5.7 GHz, respectively), where the two 
equations of the perturbation theory in case of cylindrical cavity resonator can be 
approximated and written as a function of temperature as:  
 
∆𝑓𝑟(𝑇)
𝑓𝑟
≈ (𝜀1(𝑇) − 1)
𝑉𝑠
2𝑉𝑒𝑓𝑓
 ,                                            6.11                            
∆𝑓𝐵(𝑇)
𝑓𝑟
≈ 𝜀2(𝑇)
𝑉𝑠
𝑉𝑒𝑓𝑓
  ,                                                   6.12                            
 
where Vs is the sample volume and Veff is the effective volume of the electric field 
energy in the cavity as in [172]. By using Equations 6.11 and 6.12, the value of 
chloroform complex permittivity is extracted as function of temperature as shown in 
Figure 6.13 for both two modes. Results at 2.51GHz (the resonant frequency of the 
DMS when sample is chloroform) were found by linearly interpolating the complex 
permittivity between 2.5 and 5.7 GHz. These are plotted as a function of temperature in 
Figure 6.13. The error in this case (chloroform) reduces from the range of 3.1% to 8.5% 
for the measured results (uncorrected) to the range of 0.2 to 0.4% for the corrected 
results.   
 
The corresponding calculations of the complex permittivity of water and chloroform 
before and after the correction are illustrated in Table 6.2 and 6.3, respectively. 
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(a) 
 
(b) 
Figure 6.13: Cavity measurements of the complex permittivity of chloroform with 
temperature: (a) real part, and (b) imaginary part at frequencies of 2.5 and 5.7 GHz.  
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Table 6.2: Comparison between calculated and measured values of water complex permittivity before and after correction and relative error. 
Temperature 
(ºC) 
fr (GHz) 
measured 
fr (GHz) 
corrected 
Q measured Q corrected 
𝜀(𝑓, 𝑇) 
calculated 
[130] 
𝜀(𝑓, 𝑇) 
measured 
Error 
𝜀(𝑓, 𝑇) 
corrected 
Error 
23 2.496081 2.496385 327.082 325.779 77.74-j9.88 81.70-j9.80 4.9% 78.50-j10.00 0.9% 
25 2.496519 2.496519 328.089 328.089 77.15-j9.33 77.15-j9.33 0.0% 77.15-j9.33 0.0% 
27 2.496860 2.496642 328.950 329.569 76.54-j8.81 74.50-j9.00 2.6% 76.30-j8.80 0.3% 
29 2.497259 2.496760 329.516 331.780 75.94-j8.30 72.00-j8.60 5.1% 75.50-j8.20 0.5% 
31 2.497696 2.496887 329.824 333.340 75.34-j7.85 70.00-j8.15 7.0% 75.00-j7.80 0.5% 
33 2.498024 2.496997 330.158 334.506 74.75-j7.45 68.00-j7.80 8.9% 74.40-j7.40 0.5% 
35 2.498257 2.497095 330.606 335.756 74.15-j7.05 65.50-j7.50 11.4% 73.80-j7.00 0.5% 
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Table 6.3: Comparison between calculated and measured values of chloroform complex permittivity before and after correction and relative 
error. 
Temperature 
(ºC) 
fr (GHz) 
measured 
fr (GHz) 
corrected 
Q measured Q corrected 
𝜀(𝑓, 𝑇) 
measured 
(cavity 
resonator) 
𝜀(𝑓, 𝑇) 
measured 
Error 
𝜀(𝑓, 𝑇) 
corrected 
Error 
23 2.509557 2.509862 327.645 326.342 4.84-j0.26 5.00-j0.25 3.3% 4.83-j0.27 0. 2% 
25 2.509939 2.509939 327.719 327.719 4.81-j0.25 4.81-j0.25 0.0% 4.81-j0.25 0.0% 
27 2.510230 2.510018 327.366 327.911 4.78-j0.25 4.63-j0.26 3.1% 4.77-j0.26 0.2% 
29 2.510577 2.510086 327.177 329.431 4.75-j0.24 4.60-j0.27 3.1% 4.74-j0.25 0. 2% 
31 2.510965 2.510164 326.827 330.316 4.71-j0.23 4.55-j0.27 3.3% 4.69-j0.24 0. 4% 
33 2.511263 2.510235 326.450 330.799 4.68-j0.22 4.40-j0.27 5.9% 4.67-j0.23 0.2% 
35 2.511465 2.510302 326.243 331.394 4.64-j0.22 4.24-j0.28 8.5% 4.63-j0.22 0.2% 
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6.4. DMS design improvement  
Due to the interaction between the two channels (the reference and sensing channel) 
there is some variation in the resonant frequency and the quality factor of the reference 
channel (port 2) with the changing of the liquid sample at the same temperature as 
shown in Figure 6.7. This design of the two resonators with common input is similar to 
a duplexer structure, where the interaction between the two channels is inventible [171], 
[173]. The variation in the reference frequency due to the presence of different liquids at 
25ºC is illustrated in table 6.4, being 20 KHz in the case of the chloroform and 40 KHz 
in case of water. These small shifts in the resonant frequency and the quality factor of 
the reference channel may produce some error in the extracting the relative permittivity 
of the liquid sample. To solve this problem a new design is proposed as shown in Figure 
6.14 with the same box dimensions as the first design.  
 
In this improved design of the DMS, two modifications have been added. Firstly, the 
method of feeding the two channels was changed to a T-junction in order to increase the 
distance between them and consequently decrease the interaction between their 
electromagnetic fields. Secondly, the difference between the resonant frequencies of the 
two resonators was increased as shown in the Table 6.4, from 127 MHz to 289 MHz 
(this is the minimum separation can be achieved without interaction).  
 
The simulated results of the improved DMS are illustrated in Figure 6.15, where the 
shift in the resonant frequency of the reference channel with different samples 
(chloroform and water) is reduced to zero as shown in Table 6.4. Unfortunately, time 
did not permit the experimental verification of the improved DMS design, so this is left 
for future work. 
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(a) 
 
 
(b) 
 
Fig. 6.14: (a) Schematic of the improved dual mode microstrip sensor inside aluminum 
cavity and (b) the dimensions of the design, ℓ1= 8 mm, ℓ2= 2.5 mm, ℓ3= 37 mm, ℓ4= ℓ7= 3 
mm, ℓ5= 10 mm, ℓ6= 9.5 mm, ℓ8= 41 mm, ℓ9= 2 mm, ℓ10= 7.5 mm, the widths of the strip 
line are the same in the Figure 6.3. 
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Figure 6.15: Simulated S21 and S31 of the improved DMS sensor proposed in Figure 
6.13 with empty, chloroform, and water filled capillaries.  
 
Table 6.4: Performance comparison between the two designs of the DMS 
Design Sample 
fr (GHz)  
(port 2) 
∆f (KHz) 
fr (GHz) 
(port3) 
∆f (MHz) 
DMS  
(Figure 6.3) 
empty 2.64389 ----- 2.5170 ----- 
chloroform 2.64387 2 2.5100 7 
water 2.64385 4 2.4940 23 
Improved DMS  
(Figure 6.14) 
empty 2.82280 ----- 2.5350 ----- 
chloroform 2.82280 0 2.5270 7 
water 2.82280 0 2.5150 23 
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CHAPTER 7 - RESONATORS FOR MICROWAVE APPLICATORS 
WITH ADAPTIVE COUPLING 
 
 
 
Microwave heating techniques have been adopted and developed for many industrial, 
domestic and medical applications. The many advantages of microwave heating can be 
summarized as: (i) high selectivity to absorbing components, (ii) high efficiency of 
conversion of electromagnetic energy to heat when using microwave absorbing 
materials, (iii) non-contacting energy delivery, and (iv) volumetric heating. These 
advantages can be combined to offer potentially faster heating rates than for any other 
method [115].  
 
Normally, in a heating application the microwave input circuit is critically coupled to 
the resonant applicator device, resulting in maximum power transfer from source to 
applicator. The input impedance of the applicator can be written Zin = g·Z0, where g is 
the (dimensionless) coupling coefficient and Z0 is the system impedance (usually 50 , 
as is the case here). In practice g depends on the geometrical details of the coupling 
structure, the unloaded Q factor of the resonator and the resonant frequency f0.  Critical 
coupling corresponds to the condition g = 1, which is achieved for arbitrary values of Q 
and f0 by mechanical adjustment of the coupling structure. There are major challenges in 
heating materials in this way imposed by the temperature dependence of the properties 
of the materials themselves, which causes the Q and (more seriously for a high Q 
resonator) f0 to drift. For example, for the heating of aqueous samples, this is a result of  
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Figure 7.1: Block diagram of a two-port resonator fed by two synchronized sources of 
the same frequency (equal to the resonant frequency) and with a phase shift of ϕ. A is 
the magnitude of the incident wave to the both ports of the resonator and b1 and b2 are 
the reflected waves from the resonator. 
 
the strong temperature dependence of the complex microwave permittivity of water. In 
summary, to maintain maximum efficiency during the heating process, we should be 
able to control a) excitation frequency and b) coupling strength of the heating system 
simultaneously for continuous critical coupling condition. The excitation frequency can 
be easily controlled by signal source control while monitoring the response of the 
resonator. However, controlling coupling strength on a printed circuit board is not an 
easy task.    
 
In this chapter, a novel adaptive coupling topology is proposed that offers the ability to 
electronically adjust the coupling between the source and the heating resonator. The 
system consists of the resonator and two synchronized power sources with a variable 
phase shift between them, as shown in Figure 7.1. A double split-ring resonator (DSRR) 
designed in chapter four was adopted as the host resonator and is connected to the two 
outputs of a variable phase-shift source. The adaptive coupling method was verified by 
heating chloroform as a test liquid within a quartz micro-capillary.  
 
7.1. Brief theory and concepts 
7.1.1. Microwave heating of polar liquids in capillaries 
When placed in an oscillating electric field, the molecules of a polar liquid rotate owing 
to the torque generated by the field. This rotation, which continually changes its sense, 
results in dielectric heating due to friction. For common solvents the heating is often 
most intense in the microwave frequency range. The relative permittivity of the liquid 
can be written as a complex number  𝜀 = 𝜀1 − 𝑗𝜀2 , with real and imaginary parts well 
described by the Debye theory.  
Source 1 Source 22-port resonator
0°A Φ°A
b1 b2
Γload 
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Figure 7.2: The complex relative permittivity of chloroform at 25ºC, calculated from its 
Debye parameters listed in Table 7.1. 
 
The complex permittivity of our test liquid chloroform is plotted in Figure 7.2, based on 
its Debye parameters listed in Table 7.1. From Figure 7.2, the maximum loss occurs at 
20 GHz, where 𝜀2 = 1.11. The dissipated power density within the liquid is given by 
[174]: 
 
𝑝 = 2𝜋𝑓𝜀𝑜𝜀2|𝐸|
2                                                   7.1 
 
 
 
Figure 7.3: Definition of the symbols used to define the dimensions of the DSRR 
structure, also including the coupling ports.  
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Figure 7.4: Cross section of the capillary inside the resonator gap, showing 
schematically the applied electric field E0 and the resulting electric field E within the 
capillary.  
 
where E is the electric field amplitude within the liquid and f is the excitation 
frequency. The DSRR used in this heating study is shown diagrammatically in Figure 
7.3, similar to that described in chapter four for microwave sensing but with 
modifications for this heating application. The two portions of liquid within the two gap 
regions will be heated. In our DSRR the electric field is perpendicular to the axis of the 
liquid sample as shown in Figure 7.4 (assumed cylindrical since it is held within a 
cylindrical capillary), which means that E is reduced greatly compared to the amplitude 
of the applied field Eo owing to the effects of depolarisation.  This is dealt with in detail 
in [28], but to a good approximation E is found to be in Equation 3.22. It is clear from 
Equations 7.1 and 3.22 that the heat efficiency is inversely proportional to the real part 
of the liquid and directly proportional to the imaginary part of the liquid’s relative 
permittivity. 
 
7.1.2. Adaptive coupling method  
The aim of our adaptive coupling method is to decrease or increase the coupling 
between the resonator and the input ports electronically, and hence precisely maintain 
the critical coupling condition. Many factors may affect this, not least the change in 
both frequency and Q as the liquid heats, owing to the highly temperature dependent 
complex permittivity of polar liquids (water being the classic example). This provides 
the ability to control the power delivery to the resonator and, consequently, the ability to 
the control heating without changing the source power. On varying the phase shift 
between the two, equal-power inputs at ports 1 and 2 (as in the schematic of Figure 7.1), 
the total delivered power to the resonator changes. To verify this concept of adaptive  
Dielectric
DielectricCopper
Air
Capillary εrT 
Eo
E
Liquid εrL
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Figure 7.5: The simulated power dissipation in the liquid (chloroform) as a function of 
frequency with respect to the phase shift between the two microwave inputs, calculated 
using COMSOL Multiphysics
®
. 
 
resonator coupling, a simulation of the DSRR shown schematically in Figure 7.3 (with 
dimensions shown in Table 7.2 in the next section) was performed using COMSOL 
Multiphysics
®
 for the microwave heating of chloroform. If an input power of Pi is 
applied to one of the input ports of the resonator, the dissipated power in the liquid is 
calculated to be 0.24Pi at the resonant frequency (2.861 GHz), while the rest of the 
power 0.76Pi is dissipated in the rest of the DSRR structure (mostly the copper parts) 
and also lost by radiation. If the power Pi is halved to two parts (Pi/2+Pi/2) and fed into 
the two inputs simultaneously with variable phase-shift between them, then the 
delivered dissipated power in the liquid can be controlled by varying the phase.  It is 
clear from Figure 7.5 that if the phase-shift between two inputs is 0º, the dissipated 
power in chloroform will be zero, and can be increased to up to 0.48Pi when the phase 
shift is 180º at the resonant frequency (2.861 GHz). This is double the value of 
dissipated power compared with the case when the same value of power is applied to 
one port only. For 90º phase difference, the same power is dissipated in the liquid as 
when the power is applied to one port only.  
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To explain why maximum power dissipation happens when the two sources are 180º out 
of phase, the source that feeds port two with variable phase is used as variable load 
impedance. If we assume the two port S-parameters of the resonator as S11, S12, S21, S22, 
as shown in Figure 7.1, the reflection coefficient of the load Γload can be written as:  
 
Γload =
𝐴𝑒𝑗𝜙
𝑏2
=
1
𝑆21
𝐴
𝐴𝑒𝑗𝜙
+𝑆22
=
1
𝑆21𝑒−𝑗𝜙+𝑆22
.                                      7.2 
 
It can be seen from Equation 7.2 that the value of the Γload can be controlled by varying 
the value of the phase shift ϕ. Therefore the source of port two is utilized to change the 
load impedance of the resonator to the optimum value in order to increase the matching 
between the sources and the two inputs of the resonator. The load impedance which 
obtained from the simulation with different phase shift between ϕ two sources (from 0º 
to 360º) at the resonant frequency 2.861 GHz, is plotted on Smith chart as a function of 
in Figure 7.6. From this it can be seen that the optimum matching occurs at ϕ=180º, 
where maximum power is delivered to the resonator. 
 
 
Figure 7.6: Simulated load impedance (blue line) of the DSRR with variable phase 
output source. 
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Figure 7.7: A block diagram of the DSRR fed with input signals with different phases, 
achieved by using an adjustable phase shifter circuit. 
 
The experimental realization of a variable phase-shift, two-input resonator can be 
achieved by using a Wilkinson power divider (to split the power into two equal parts) 
and a quadrature phase-shifter connected to varactors [175]. The varactor capacitance is 
varied with an applied dc bias voltage, which changes the phase by imbalancing the 
otherwise equal electric lengths of the microstrip sections [176]. The block diagram 
illustrating this type of adaptive coupling is shown in Figure 7.7. 
 
7.1.3. Use of COMSOL Multiphysics  
COMSOL Multiphysics
®
 4.4 was used to perform 3D simulations of the 
electromagnetics, electromagnetics with lumped elements, and coupled 
electromagnetic-thermal effects. The electromagnetic waves model was used to simulate 
the S-parameters, dissipated power in the liquid (chloroform), and the input/output 
impedances of the resonator. Coaxial ports were used to feed the electromagnetic 
energy to the resonator and lumped elements were used to set the variable reactor of the 
varactors. The microwave heating model was used to obtain the heat distribution in the 
liquid as defined in the software:  
 
ρ𝐶𝑝?̅?. ∇𝑇 = ∇. (𝑘∇𝑇) + 𝑄                                                 7.3 
 
where ρ is the density of the material, Cp the heat capacity at constant pressure and k the 
thermal conductivity of the material. ?̅? is the spatial displacement vector, T is the 
temperature and Q is the heat source. For Joule heating, this is driven by the electric 
field and is added in the Electromagnetic Heat Source node. 
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The relative permittivity of chloroform was described in the simulation by using Debye 
theory as its permittivity is variable with frequency. The properties of the materials that 
used in the simulation are shown in Table 7.1. 
 
Table 7.1: Material properties using in the simulation at 25⁰C. 
Material 𝜀1 𝜀2 𝜎 (S/m) 
Air 1 0 0 
Microstrip Dielectric 2.21 0 3.17 × 10−4 
Copper 1 0 2.7 × 107 
Quartz Capillary 3.4 0 1 × 10−12 
Chloroform [154] 
𝜀𝑠 
 
𝜀∞ 
 
𝜏 
(ps) 
k 
(W/(m·K)) 
𝜌 
(kg/m
3
) 
Cp 
(J/(kg·K)) 
𝛾 
 
4.72 2.5 7.96 0.1152 1489 1050 1.11 
 
In Table 7.1, 𝜀𝑠 and  𝜀∞ are the values of permittivity in the static (𝜔𝜏 ≪ 1 ) and VHF 
(𝜔𝜏 ≫ 1 ) limits, respectively, 𝜏 is the relaxation time, and 𝛾 is the ratio of specific 
heats. A maximum mesh size for the simulations was set to be 3 mm, while the 
minimum mesh size is 0.24 mm which produced 211,166 mesh elements.  
 
7.1.4. Temperature and complex permittivity measurements  
There are several methods to measure the temperature of liquid in the microfluidic 
systems, such as the microscopy fluorescence thermometry technique [177]. Our 
approach is based on the fact that the complex permittivity varies with temperature as 
well as frequency. Complex permittivity can be defined as in [1], [138], and [139] as in 
Equations 3.10 and 3.11. Then the value of the complex permittivity can be linked with 
the temperature. In polar liquids such as chloroform, both 𝜀1 and 𝜀2 values decrease 
with temperature. In our design, the resonant frequency and quality factor depend on the 
liquid sample, modelled by first order cavity perturbation concepts [140]. Therefore, the 
change in temperature causes a shift in resonant frequency and change in quality factor 
(or, equivalently, 3 dB bandwidth) as shown in Figure 7.8, due to the change in liquid 
complex permittivity, which can then be used to obtain the liquid’s average temperature. 
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Figure 7.8: Schematic plot, showing the expected variation of |S21| with temperature 
due the change in complex permittivity of the liquid filling the resonator. 
 
We measured the complex permittivity of chloroform as a function of temperature at a 
frequency of 2.86 GHz (set by the resonant frequency of the resonator) as described in 
section 7.3. When the liquid is heated by the resonator, the resonant frequency increases 
from fr1 to fr2 and in addition the bandwidth decreases from BW1 to BW2, as illustrated in 
Figure 7.8. From these shifts in resonant frequency and bandwidth, the corresponding 
change in the complex permittivity can be determined. A routine involving simulation 
has been applied to find the exact value of the complex permittivity for the new value of 
the resonant frequency and bandwidth (fr2, BW2). A new value of complex permittivity 
found from the simulation is compared with the measured values of complex 
permittivity in order to deduce the temperature.    
 
7.2. Methods                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
The DSRR described in chapter four was adopted and modified for this study. The 
input/output coupling was strengthened by reducing the gap between it and the DSRR, 
to increase the delivered power to the liquid. The design of the resonator was aided by 
COMSOL Multiphysics
®
 simulations. A photograph of the fabricated DSRR is shown 
in Figure 7.9, designed to heat chloroform within a quartz capillary at 2.861 GHz (at 
25ºC).  The design procedures of the Wilkinson power divider and the quadrature 
phase-shifter were taken from [140], also to operate at the center frequency of 2.861 
GHz (the resonant frequency of the DSRR).  
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Figure 7.9. Photograph of the microstrip heating resonator (DSRR), fabricated by 
milling a Rogers RT/Duroid 5880 laminate. 
 
The circuits were fabricated by the mechanical milling of a Rogers Corporation 
RT/Duroid 5880 laminate, with a dielectric of a thickness of 1.57 mm, relative 
permittivity of 2.20±0.02 and loss tangent of 0.0009. The thickness of the copper was 
chosen as 70 µm to ensure the highest possible quality factor for the DSRR.   The 
dimensions of Wilkinson power divider and quadrature phase-shifter were calculated by 
line calculation tool in Advanced Design System 2014 (Keysight Technology). 
However, due to discontinuities, junction effects, or unequal even- and odd-mode 
velocities, the performances of Wilkinson power divider and quadrature phase shifter 
became degraded in the  simulation [171], [178]. Slight modifications of their lengths ℓ, 
and widths w, were made to improve their simulated performances. Table 7.2 shows the 
dimensions of all designed components.  
 
Table 7.2: Dimensions of the adaptive coupling DSRR showing in Figures 7.3 and 7.14. 
All dimensions are in mm. 
i 1 2 3 4 5 6 7 
ℓi 28.00 16.20 20.75 18.45 46.85 4.50 8.04 
wi 4.77 2.78 7.33 4.96 0.46 3.50 5.02 
ri 10.84 8.50 10.00 10.50 11.50 ------ ------ 
 
Quartz 
capillary
34 mm
36 mm
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Figure 7.10. The model of the Wilkinson power divider, which was simulated using 
COMSOL Multiphysics
®
. 
 
 
(a) 
 
(b) 
Figure 7.11. (a) The S-parameters of the Wilkinson power divider are simulated using 
COMSOL Multiphysics
®
, show good input matching at 2.861 GHz and evenly divided 
power at the two output ports, (b) The phases of the two output ports show 
approximately 90º difference at 2.861 GHz. 
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The simulated S-parameters of the Wilkinson power divider illustrated in Figure 7.10 
are shown in Figure 7.11, where good input impedance matching characteristics are 
observed and the coupled power at each output port is about -3.2 dB around 2.861 GHz,    
with a phase delay of 90º. The dimensions of the Wilkinson power divider are 
illustrated in Table 7.2. The form of the quadrature (90º) hybrid coupler is shown 
schematically in Figure 7.12 which is tuned to operate at 2.861 GHz. The simulated S-
parameters of the quadrature hybrid coupler are shown in Figure 7.13 (using COMSOL 
Multiphysics
®
). The S-parameters of the branch line coupler show good input matching 
S11 and isolation S41 around 2.861 GHz, where the coupled signal at the two output 
ports (S21 and S31) is at about -3.2 dB at 2.861 GHz. Figure 7.13(b) shows the phase 
shift (in degree) between the outputs (port 2, 3, and 4) and the input port 1. The phase 
shift between port 2 and 3 is 89.8º at 2.861 GHz, where in the ideal phase shift is equal 
to 90º.  
 
 
Figure 7.12. The model of a quadrature (90º) hybrid coupler is simulated by COMSOL 
Multiphysics
®
. 
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(b) 
Figure 7.13. (a) The S-parameters of a quadrature (90º) hybrid coupler are simulated 
by COMSOL Multiphysics
®
, (b) A similar plot for the phases. 
 
A phase shifter can be achieved by incorporating the quadrature hybrid coupler with 
variable capacitors or inductors to obtain a variable phase shifter. Variable capacitors or 
inductors were connected to ports 2 and 3 of the quadrature hybrid coupler, which act as 
short circuits to reflect the incident energy back towards port 4 with phase shift 
depending on the their values. A variable capacitor can be realized by a varactor diode, 
in which the variable phase can be controlled electronically as shown in the full circuit 
topology illustrated in Figure 7.14, which also shows a photograph of the final circuit.  
 
As the active volume of liquid in our system is tiny, only 0.64 µL in both gaps, so the 
dissipated power required to heat chloroform is small; for example, 1 W dissipated 
power produces a heating rate of around 60ºC/s. A varactor diode 1T362A (Sony 
Corporation) was chosen which can handle this small amount of power. In reverse bias 
this varactor diode yields a capacitance range of approximately 2.3 to 100 pF over the 
voltage range of 25 to 0 V at 900 MHz, respectively [179]. However, at 2.861 GHz the 
variable reactor of the diode has an inductive effect as the frequency of operation is 
higher than the self-resonant frequency, which makes the package inductance of the 
diode dominant. The measured reactance of the diode in reverse bias at 2.861 GHz is 
shown in Figure 7.15. In the design it was required to set the phase shift range with the 
range of the variable inductor.  
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Figure 7.14. The circuit topology and photograph of the DSRR connected to the two 
outputs of a variable phase-shift power source, that consisted of the Wilkinson power 
divider, quadrature phase-shifter and varactor circuit.  
 
An 180
o
 phase shift between ports 2 and 3 was achieved by setting the diode’s effective 
inductance to value of 0.7 nH. This setting is realized by carefully choosing ℓ1 to be 28 
mm, which gives a phase shift of 132º at 2.861 GHz. Together with the quadrature (90º) 
hybrid coupler and the two parallel diode inductors, the phase shift between ports 2 and 
3 at 2.861 GHz will be then 180º. The groove for the quartz capillary was fabricated 
using laser micromachining, with a width of w5 (i.e. 0.46 mm) and depth of 0.235 mm. 
Microwave connection to the input port (port 1 at the top of Figure 7.14) was made via 
the dielectric layer and the ground of the microstrip board using a surface-mounted 
coaxial (SMA) connector.  The quartz capillary has an inner diameter of 0.3 mm and 
outer diameter of 0.4 mm. 
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Figure 7.15: Measured variable inductance of the varactor 1T362A at 2.861 GHz. 
 
The capillary was inserted in the groove and filled by liquid using capillary action. 
Chloroform was selected as the test liquid, as it is a high loss, polar-liquid with a low 
boiling point (61.5ºC) which does not demand a high-power microwave source to heat 
it. Separate resonant cavity measurements of chloroform were used to determine its 
complex permittivity of 𝜀 = 4.80 − 𝑗0.30 (with an error of about 2% in both real and 
imaginary parts) at 25ºC at 2.861 GHz. This value was used in the COMSOL 
simulations for the design of the DSRR. The resulting DSRR with chloroform sample 
was measured to have a resonant frequency of 2.861 GHz and an unloaded quality 
factor of 150 at 25ºC. 
 
To deliver the power to the adaptive coupling resonator circuit, a power amplifier ZHL-
42 (manufactured by Mini-Circuits) was used to amplify the signal from an Agilent 
E5071B network analyzer. The power amplifier gain is 29.6 dB and the range of 
delivered power from the network analyzer is from −10 to 0 dBm. The resulting input 
power to the circuit is from 20 to 30 dBm, which covers the power range required to 
boil the chloroform sample. A circulator was used to protect the power amplifier from 
the reflected power. Figure 7.16 shows the bench-top assembly of the adaptive coupling 
resonator with the power amplifier and the network analyzer. 
 
 
Voltage 
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  L=1.7 nH 
V=0 V
L=0.54 nH 
V=25 V
151 
 
 
Figure 7.16: Photograph the bench-top experimental assembly. The microwave source 
was provided by an Agilent E5071B network analyzer. Other components are labelled.  
  
7.3. Results and discussion  
To verify the ability of the resonator with adaptive coupling to increase the heating 
efficiency, as well as controlling strength of the coupling, tests were undertaken. Firstly, 
this was by feeding only one input port of the resonator, which incorporated a 
chloroform filled capillary. This was heated to boiling at different values of input 
power.  
 
Due to the difficulty of measuring the liquid temperature inside the resonator-integrated 
capillary, the shift in the resonant frequency was used to measure the temperature of 
chloroform, as the permittivity of a polar liquid is a strong function of temperature 
[180]. The complex permittivity of heated chloroform can be calculated by applying an 
optimization routine based on matching the simulated and experimental results (section 
7.1.4 above). The temperature can then be determined from the new value of liquid 
permittivity. 
 
As previously mentioned, a separate microwave cavity was used to measure the 
complex permittivity of chloroform using standard cavity perturbation analysis [140], 
[172]. This can be done over a variable temperature range by placing the cavity in an 
oven (Memmert, Model: IPP 400) with a high degree of temperature control (±0.1ºC). 
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(a) 
 
(b) 
Figure 7.17: Cavity measurements of the complex permittivity of chloroform with 
temperature: (a) real part, and (b) imaginary part at frequencies of 2.5 and 5.7 GHz. 
The values shown at 2.861 GHz are linearly interpolated between these two 
measurement frequencies. 
 
The complex permittivity of chloroform was measured over the temperature range 25.0-
61.5ºC (i.e. to boiling) at the two resonant frequencies of the TM010 and TM020 modes of 
the cylindrical cavity (at 2.5 and 5.7 GHz, respectively). Results at 2.861 GHz were 
found by linearly interpolating the complex permittivity between 2.5 and 5.7 GHz. 
These are plotted as a function of temperature in Figure 7.17. By knowing the complex 
permittivity of chloroform as a function of temperature, the temperature of the 
chloroform can be inferred with a high degree of accuracy from measuring the resonant 
frequency of the DSRR (or indeed any type of resonant applicator used to heat it).   
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Figure 7.18: Simulated and measured magnitudes of the voltage reflection coefficients 
S11 for the single port DSRR at different temperatures degrees. 
 
As shown in Figure 7.18, the resonant frequency is 2.8610 GHz when 1 mW of power 
was applied to only one input port of DSRR. This means that there was negligible 
heating of the chloroform at such low powers and the chloroform temperature remained 
at 25ºC (room temperature). By increasing the input power to 180 mW, boiling occurred 
when the resonant frequency increased to 2.8631 GHz, which accurately predicts the 
boiling point of chloroform of 61.5ºC (where the real permittivity is 4.10).    
 
In the second part of the experiments the DSRR was fed with two input signals of 
variable phase difference, with the circuits shown in Figures 7.14 and 7.16. The phase 
shift between ports 2 and 3 shown in Figure 7.14 was measured with variable bias 
voltages applied to the varactor diode, as shown in Figure 7.19.  Here the DSRR was 
removed and the output terminated with a 50 Ω load. At the resonant frequency of the 
DSRR (2.861 GHz) with the chloroform at 25ºC, the circuit provides a range of phase 
shifts from 128º at 0 volt to 190º at 25 volts. This covers the condition for maximum 
power transfer into the DSRR that occurs at 180º, according to the simulation shown in 
Figure 7.5. 
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Figure 7.19: The measured phase of S23 between Ports 2 and 3 of Figure 7.14, for 
different values of the applied bias voltage. 
 
To determine the performance of the adaptive coupling resonator shown in Figure 7.14 
for optimum heating efficiency, microwave power was fed to the input port of the 
circuit shown in Figure 7.16. At each input power the bias voltage was adjusted to give 
the maximum coupling, i.e. maximum power transfer, corresponding to a phase 
difference of 180º, as shown in Figure 7.20. The input power required for boiling 
(where the DSRR’s resonant frequency was shifted to 2.6831 GHz due to the change in 
permittivity), was 45 mW at each port (port 2 or 3) of the DSRR, or 90 mW when fed at 
both ports. After heating the chloroform to 61.5ºC, the return loss decreased by 4 dB 
due to a combination of the increase in resonant frequency and increased value of 
quality factor. 
 
The coupling can be re-adjusted to return to the same value of return loss (49 dB) 
attained before heating. Moreover, as shown in Figure 7.20, the three dotted lines and 
maximum coupling line correspond to the magnitudes of S11 with different values of 
diode DC voltage and 0 dBm input power. This means that the coupling changes with 
the value of the DC bias voltage, demonstrating the ability to control the coupling 
electronically.  
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Figure 7.20: Measured values of S11 of the adaptive coupling resonator in Figure 7.16. 
 
A summary of the adaptive coupling circuit performance is illustrated in Table 7.3.  As 
shown in Figure 7.20, there is a change in resonant frequency due to the coupling 
variation. The resonant frequency changes are approximately 2.0 ± 0.1 MHz, which is 
well within the bandwidth of the power amplifier.   Finally, a simulation of the heat 
distribution along the chloroform sample was undertaken using COMSOL 
Multiphysics
®
 to illustrate the distribution of the temperature along the gap area, as 
shown in Figure 7.21. This simulation is when the DSRR is fed with 180 mW at one 
port, or 45 mW at two ports, with a phase shift of 180º between them
 
(total input power 
is 90 mW). In both cases the chloroform was heated to boiling along the center region 
(61.5ºC).  
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Table 7.3: Performance comparison between the two types of power feeding. 
 
Input power 
(mW) 
Δf 
(MHz) 
Complex 
permittivity 
Temperature (ºC) 
One port feeding 
90 1.2±0.1 4.55-j0.23 40.0 
180 2.0±0.1 4.10-j0.15 61.5 
Two ports feeding 
 
90 
(both ports) 
2.0±0.1 4.10-j0.15 61.5 
 
 
 
 
Figure 7.21: The simulated temperature distribution over the channel for the one input 
DSRR with 180 mW, or two input DSRR with 45 mW at each input.  
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CHAPTER 8 - CONCLUSIONS AND FUTURE RESEARCH   
 
 
 
8.1. Conclusions  
This thesis has focused on the design of several types of the microfluidic sensors and 
applicators using microstrip resonator structures. The sensing concept of all sensors is 
the resonator perturbation due to the presence of the liquid or micro-sphere sample in 
which the changes in the resonant frequency and the quality factor are exploited to 
extract the value of the sample’s complex permittivity.    
 
In chapter two, a literature review of all types of microwave microfluidic sensors, 
microwave cell sensors, and microwave microfluidic applicators was provided. Chapter 
three illustrated briefly the background theory of the liquid complex permittivity, 
microwave heating, microstrip resonators, and perturbation theory. 
 
In chapter four, a new resonant microstrip technique has been realized and tested to 
measure the dielectric permittivity of liquids. The method is based on resonator 
perturbation theory in which the resonant frequency and the bandwidth change by 
adding a liquid sample in a microfluidic circuit. A planar double split-ring resonator is 
adopted and designed to reduce the size and weight of the sensor, which makes it 
suitable to be incorporated into microfluidic and lab-on-a-chip implementations. The 
sensor was simulated by COMSOL Multiphysics Software and optimized to improve its 
quality factor. Moreover, a theoretical model has been developed that gives good 
comparison with the measured values for a range of different liquids. Several solvents 
were tested inside two types of tubes. The sensor sensitivity is limited at high 
permittivity by the effects of depolarization, but for low permittivity gives very 
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sensitive results for small changes in the permittivity of liquids, thus provided a means 
of liquid identification and tracking of small variations in liquid property due to, for 
example, chemical or physical change. 
 
Moreover, a new method to measure length, speed, volume and permittivity of liquids 
in a microfluidic system with segmented flow is also proposed in chapter four. A double 
split-ring microwave resonator is used as the resonant sensor element. Two models were 
designed and fabricated to study the effect of the gap on the sensor performance. 
Experimental results demonstrate their promising ability to detect (non-invasively) the 
segment properties, making them adaptable and attractive for medical, biological and 
chemical real-time, lab-on-chip applications. 
 
In chapter five, three models of microwave sensor based on a microstrip split ring 
resonator were developed and tested for the dielectric measurement, size measurement 
and counting of microspheres. Model A had very high sensitivity due to the small size 
of its gap region, here 35 m. Two sizes of polystyrene microspheres (15 and 25 m) 
have been used to verify the odd mode’s perturbation when a microsphere is present in 
the gap. Furthermore, it has been demonstrated that the even mode is insensitive to the 
presence of microspheres and so can be used for temperature compensation. There is a 
need to increase the sensitivity further since for real cells in aqueous solution there is 
little contrast in permittivity, hence the gap and ring radii have been reduced in models 
B and C. Their increased sensitivity is simply due to the associated reduction in mode 
volume Vm, which quantities the volume of the resonator over which the electric field is 
distribution. The observed changes in resonant frequency and insertion loss of the odd 
mode were due to the dielectric contrast between the microspheres and their host 
solvent (water). The complex permittivity of the microspheres can be extracted from the 
resonator measurements either using an optimization routine based on matching the 
simulated and experimental results, or by using the theoretical method in chapter four.  
 
Chapter six proposes a new type of microwave microfluidic sensor with two modes. 
The sensor was based on half wavelength quarter ring microstrip resonators, where two 
resonators were designed and fabricated to measure the liquid permittivity with 
temperature variation. A temperature sweep from 23 to 35 ºC was conducted to verify 
its performance. Two polar liquids (water and chloroform) were tested with the sensor 
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to show the effect of varying temperature on the measurements and how these can be 
corrected using by the reference resonator.  
 
Chapter seven presents a novel adaptive coupling method that provides the ability to 
change (and, in principle, control) the coupling of a microwave resonator electronically. 
This approach can be exploited in microfluidic heating applications, where the heating 
rate can be optimized without changing the source power. The power gain, or the extent 
of heating, can be increased to double the power value of that used when using a one-
port feed. For example, with chloroform, the total power (applied to both ports) required 
to reach the boiling temperature was half the value needed in the one-port configuration. 
The verification of this new concept was achieved by simulation and experiment, 
including the assessment of the dissipated power, the heat distribution of the liquid, S-
parameter measurements, and the associated shifts in resonant frequency. The proposed 
topology is used for proof-of-principle. 
 
 
8.2. Further research      
According to the conclusions drawn and the ability to develop the approaches proposed 
in this thesis, several future works can be proposed to improve the sensitivity, accuracy, 
and performance of the present works. The suggestions can be listed related to the work 
chapters, as follows:  
In chapter four, the performance of the sensor can be increased by adjusting the 
geometry of the gap, to enable more localized dielectric measurement, suitable for the 
evaluation of the material properties and geometry for small particles in a microfluidic 
flow stream. Moreover, the sensitivity of the sensor can be increased by raising the 
quality factor of the resonator DSRR. This is can be done by increasing the thickness of 
the copper of the DSRR and/or fabricate the sensor inside metal box to reduce the 
radiation. This sensor can be used to design microwave applicator for microfluidic 
system in which the input coupling can be enhanced to deliver more power to the 
resonator. With regard to multi-phase liquids measurements, the sensors can by 
modified to measure the contact angle between two types of the liquids and the 
capillary. The contact angle is determined by measuring the rate of change in the 
resonant frequency when the liquid changes in the resonator gap under constant flow 
rate. 
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In chapter five, the ability of the SRRs to count microspheres, as well as determine their 
complex permittivity, can be next applied to human cell detection and diagnostics. As 
mentioned above, the sensitivity of the cell detection can be improved by increasing the 
copper thickness of the split ring, where the selectivity of the resonator is increased. 
Additionally, the fabrication of the resonator can be improved in terms of patterning 
resolution, which will yield an increase in the sensitivity of cell detection. More 
advanced technology can be adopted to fabricate the split ring such as photolithography 
techniques. Another application of the split ring resonator sensor is for multi-phase 
segmented liquids measurements (velocity, length, size, and complex permittivity) 
where the proposed sensors in chapter five can be redesigned for this purpose.  
 
 
 
Figure 8.1: The proposed dual mode sensor for cells and micro-particles detection. 
 
Work presented in chapter six can be developed to measure the permittivity of two or 
more liquids by adding more branches which gives the ability to monitor several liquids 
permittivity with temperature. This sensor is simply a microstrip resonator which can be 
miniaturized to provide a compact sensor also with use as a microwave applicator. 
Moreover, this type of sensor can be modified to cell detection sensor by miniaturizing 
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micro-
particles 
Ground
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the end of the half wave microstrip resonator and the thickness of the microstrip 
dielectric to the dimension of the targeted cell to maximize the perturbation as shown in 
Figure 8.1.    
 
Finally, in chapter seven, miniaturization will be achieved by using commercially 
available power dividers and quadrature hybrid couplers. Moreover, the phase shifter 
circuit can be improved to increase the range of the phase shift variation (from 0º to 
180º). The concept of adaptive coupling can be generalized to apply to several types of 
resonators for heating application in which the required energy can be saved by half. 
For example, a cylindrical cavity can be fed by two inputs with variable phase shift 
between them as shown in Figure 8.2.  This is just one example that will benefit from 
the adaptive electronic coupling technique presented in this thesis. 
 
 
 
Figure 8.2: The proposed cylindrical cavity with two inputs for microfluidic heating 
applications. 
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APPENDIX I 
 
 
 
EXTRACTION OF ∆𝑓𝑟 𝑓𝑟⁄  AND ∆𝑓𝐵 𝑓𝑟⁄  
In Chapter 3, section 3.4, the capillary-perturbed DSRR resonator was introduced as a 
method for quantifying the dielectric properties of a liquid sample. This appendix is 
dedicated to the extraction of approximate analytic equations relating the change in the 
resonant frequency and the bandwidth due to the perturbation of the presence of the liquid 
sample to its dielectric properties.     
 
It can be assumed that the stored energy 𝑈𝑡𝑜𝑡 consists of two parts; that in the liquid 𝑈𝐿 
and that in the other parts of the resonator 𝑈𝑅 (tube, dielectric, and air), so 
 
𝑈𝑡𝑜𝑡 = 𝑈𝐿 + 𝑈𝑅                                                       1 
 
where     𝑈𝐿 =
1
2
𝑅𝑒(𝜀𝑟𝐿) ∫ 𝐸
2𝑑𝑉, where rL is the complex permittivity of the test 
liquid. By substituting Equation 3.25 and Equation 1 in equation 3.24, Equation 2.24 
can be written as    
         
∆𝑓𝑟
𝑓𝑟
= −
1
4
𝑅𝑒(𝑝𝐸0
∗)
𝑈𝐿+𝑈𝑅
                                                       2 
or    
                    
∆𝑓𝑟
𝑓𝑟
≈ −
1
4
𝑅𝑒(2𝜋𝜀𝑜𝑏
2𝑙(
(𝜀𝑟𝑇−1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇+1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
)𝐸0
2)
1
2
𝑅𝑒(𝜀𝑟𝐿) ∫ 𝑅𝑒(
4𝜀𝑟𝑇𝐸0
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
)
2
𝑑𝑉+𝑈𝑅
    
   
which can be simplified to  
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∆𝑓𝑟
𝑓𝑟
=
𝑘1𝑅𝑒(
(𝜀𝑟𝑇−1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇+1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
)
𝑅𝑒(
𝜀𝑟𝐿
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
)
2
+𝑘2
                         3                                    
 
 where 𝑘1 and 𝑘2 are constants. The change in bandwidth ∆𝑓𝐵 of the resonator can be 
written as  
 
∆𝑓𝐵
𝑓𝑟
=
1
𝑄𝐿
−
1
𝑄𝑜
                                                       4 
 
where 𝑄𝑜 is the quality factor of the resonator when the tube is empty and 𝑄𝐿  is the 
quality factor when liquid filled. The quality factor is given as [140], where the 
dissipated power consists of two parts as 
 
𝑄 = 𝜔
𝑡𝑖𝑚𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦  
𝑡𝑖𝑚𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
 
               =
𝜔𝑈𝑡𝑜𝑡
〈𝑃〉+𝑃𝑅
                                                                                     5 
 
where 〈𝑃〉 = −
1
2
𝜔𝐼𝑚(𝑝𝐸𝑜) , and 𝑃𝑅 is the power dissipated in other parts of the 
resonator (tube, dielectric, and metal).   Equation 4 then becomes 
 
∆𝑓𝐵
𝑓𝑟
=
〈𝑃〉+𝑃𝑅
𝜔𝑈𝑡𝑜𝑡
−
1
𝑄𝑜
=
−
1
2
𝜔𝐼𝑚(𝑝𝐸𝑜)+𝑃𝑅
𝜔(𝑈𝐿+𝑈𝑅)
−
1
𝑄𝑜
=
−
1
2
𝜔𝐼𝑚(2𝜋𝜀𝑜𝑏
2𝑙(
(𝜀𝑟𝑇−1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇+1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
)𝐸𝑜
2)+𝑃𝑅
𝜔(
1
2
𝑉𝑅𝑒(𝜀𝑟𝐿)𝑅𝑒(
4𝜀𝑟𝑇𝐸𝑜
(𝜀𝑟𝑇+1)(𝜀𝑟𝑇+𝜀𝑟𝐿)+(𝜀𝑟𝑇−1)(𝜀𝑟𝑇−𝜀𝑟𝐿)𝑎
2 𝑏2⁄
)
2
+𝑈𝑅)
  −
1
𝑄𝑜
 
 
 
or   
∆𝑓𝐵
𝑓𝑟
=
𝐴1𝐼𝑚 (
(𝜀𝑟𝑇 − 1)(𝜀𝑟𝑇 + 𝜀𝑟𝐿) + (𝜀𝑟𝑇 + 1)(𝜀𝑟𝑇 − 𝜀𝑟𝐿) 𝑎
2 𝑏2⁄
(𝜀𝑟𝑇 + 1)(𝜀𝑟𝑇 + 𝜀𝑟𝐿) + (𝜀𝑟𝑇 − 1)(𝜀𝑟𝑇 − 𝜀𝑟𝐿) 𝑎2 𝑏2⁄
) +
𝐴2
𝜔
𝑅𝑒 (
𝜀𝑟𝐿
(𝜀𝑟𝑇 + 1)(𝜀𝑟𝑇 + 𝜀𝑟𝐿) + (𝜀𝑟𝑇 − 1)(𝜀𝑟𝑇 − 𝜀𝑟𝐿) 𝑎2 𝑏2⁄
)
2
+ 𝐴3
−
1
𝑄𝑜
 
                                               6 
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where 𝐴1, 𝐴2, and 𝐴3 are constants. The constants of Equation 3 and 6 depend on the 
structure of the resonator and the volume of the capillary, which can be calculated from 
the measured values of ∆𝑓𝑟 𝑓𝑟⁄   and ∆𝑓𝐵 𝑓𝑟⁄ . 
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APPENDIX II 
 
 
 
Effective medium theory applied to micro-sphere detection 
In Chapter 3, section 3.4, the micro-sphere-perturbed SRR resonator was introduced as a 
method for simultaneously quantifying the dielectric properties of a microsphere. This 
appendix is dedicated to the extraction of an analytic formula for the effective permittivity 
of the liquid with a micro-sphere inside. 
 
To find the formula of the polarization of the sphere and liquid in the capillary inserted 
in the split ring resonator gap, firstly, it is assumed that the sphere is surrounded by the 
liquid as shown in Figure II.1.  
 
 
 
Figure II.1: Cross section of the sphere in the liquid. 
E1 , Φ1
E2 , Φ2
εsphere
εliquid
r1
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The electric potential inside and outside the sphere can be written as:  
 
𝜙1 = −𝐸1𝑟𝑐𝑜𝑠𝜃 +
𝐴
𝑟2
𝑐𝑜𝑠𝜃            𝑟 ≥ 𝑟1                               1 
𝜙2 = −𝐸2𝑟𝑐𝑜𝑠𝜃                              𝑟 < 𝑟1                                2  
 
where A is a constant, proportional to the induced dipole moment of the sphere. At 
𝑟 = 𝑟1 the boundary conditions are: 
𝜙1 = 𝜙2          and        𝜀𝑙𝑖𝑞𝑢𝑖𝑑
𝜕∅1
𝜕𝑟
= 𝜀𝑠𝑝ℎ𝑒𝑟𝑒
𝜕∅2
𝜕𝑟
 
 
From Equations 1 and 2, A and 𝐸2 can be found as: 
 
𝐴 =
𝑟1
3
3𝜀𝑙𝑖𝑞𝑢𝑖𝑑
(𝜀𝑠𝑝ℎ𝑒𝑟𝑒 − 𝜀𝑙𝑖𝑞𝑢𝑖𝑑)𝐸2                                        3 
𝐸2 =
3𝜀𝑙𝑖𝑞𝑢𝑖𝑑
𝜀𝑠𝑝ℎ𝑒𝑟𝑒+2𝜀𝑙𝑖𝑞𝑢𝑖𝑑
𝐸1                                                          4    
 
Then, the dipole moment due to the liquid is : 
 
𝑝 = 4𝜋𝜀𝑜𝜀𝑙𝑖𝑞𝑢𝑖𝑑𝐴 = 3𝜐𝜀𝑜𝜀𝑙𝑖𝑞𝑢𝑖𝑑(
𝜀𝑠𝑝ℎ𝑒𝑟𝑒−𝜀𝑙𝑖𝑞𝑢𝑖𝑑
𝜀𝑠𝑝ℎ𝑒𝑟𝑒+2𝜀𝑙𝑖𝑞𝑢𝑖𝑑
)𝐸1                        5 
 
where 𝜐 is the sphere volume (i.e 𝜐 = 4𝜋𝑟1
3/3). The total dipole moment can be given 
as: 
 
 𝑝𝑡𝑜𝑡𝑎𝑙 = (𝜀𝑙𝑖𝑞𝑢𝑖𝑑 − 1)𝜀𝑜𝑉𝐸1 + 3𝜐𝜀𝑜𝜀𝑙𝑖𝑞𝑢𝑖𝑑(
𝜀𝑠𝑝ℎ𝑒𝑟𝑒−𝜀𝑙𝑖𝑞𝑢𝑖𝑑
𝜀𝑠𝑝ℎ𝑒𝑟𝑒+2𝜀𝑙𝑖𝑞𝑢𝑖𝑑
)𝐸1              6 
 
The total dipole moment can be simplified as: 
 
𝑝𝑡𝑜𝑡𝑎𝑙 = (𝜀𝑒𝑓𝑓 − 1)𝜀𝑜𝑉𝐸1                                              7 
 
where 𝜀𝑒𝑓𝑓 is the effective permittivity of the liquid and micro-sphere which is written 
as: 
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 












2
3
1
s
s
eff                                                               8 
 
Here, εs is the permittivity of the microsphere, ε the permittivity of the host solution and 
β is the volume fraction of microspheres. 
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APPENDIX III 
 
 
 
Extract of Equation 3.33 
The evaluation of Equation 3.33 in Chapter 3, section 3.4 is illustrated in this appendix. The 
change in the polarization ∆𝑝 before and after the presence of the sphere in the gape can be 
given as in Equation 3.29 as: 
 
∆𝑝 = 𝑝(𝜀𝑒𝑓𝑓) − 𝑝(𝜀),                                                     1 
or  
∆𝑝 = 𝜀𝑜(𝜀𝑒𝑓𝑓 − 1)𝐸1𝑉 − 𝜀𝑜(𝜀 − 1)𝐸1𝑉,                                     2 
 
where 𝜀 is the permittivity of the liquid, 𝜀𝑒𝑓𝑓 is the effective permittivity of the liquid 
with sphere, and 𝑉 is the volume of the sample. Equation 2 can be simplified in term of 
the external electric field 𝐸𝑜 as: 
 
∆𝑝 = 𝜀𝑜(𝜀𝑒𝑓𝑓 − 1)
2𝐸𝑜
(𝜀𝑒𝑓𝑓+1)
𝑉 − 𝜀𝑜(𝜀 − 1)
2𝐸𝑜
(𝜀+1)
𝑉                                  3 
 
𝜀𝑒𝑓𝑓 can be approximated by assuming the permittivity of the liquid (water in this case 
which is 𝜀 ≈ 80) is much larger than the permittivity of the sphere (polystyrene in this 
case which is 𝜀𝑠 ≈ 2) as:  
 
𝜀𝑒𝑓𝑓 ≈ 𝜀 (1 +
3𝛽(𝜀𝑠−𝜀)
𝜀𝑠+2𝜀
) ≈ 𝜀 (1 −
3
2
𝛽),                                       4 
 
by substituting Equation 4 in 3, Equation 3 then becomes: 
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∆𝑝 ≈ 𝜀𝑜[𝜀 (1 −
3
2
𝛽) − 1]
2𝐸𝑜
[𝜀(1−
3
2
𝛽)+1]
𝑉 − 𝜀𝑜(𝜀 − 1)
2𝐸𝑜
(𝜀+1)
𝑉, 
or  
∆𝑝 ≈ 2𝜀𝑜𝐸𝑜𝑉 [
𝜀−
3
2
∙𝛽𝜀−1
𝜀−
3
2
∙𝛽𝜀+1
−
𝜀−1
𝜀+1
]  
 
∆𝑝 ≈ 2𝜀𝑜𝐸𝑜𝑉 [
(𝜀−1)
(𝜀+1)
∙
(1−
3
2
∙
𝛽𝜀
𝜀−1
)
(1−
3
2
∙
𝛽𝜀
𝜀+1
)
−
𝜀−1
𝜀+1
]                                  5 
 
As 𝛽 ≪ 1, then Equation 5 can be simplified as: 
 
∆𝑝 ≈ 2𝜀𝑜𝐸𝑜𝑉 ∙
(𝜀 − 1)
(𝜀 + 1)
[(1 −
3
2
∙
𝛽𝜀
𝜀 − 1
) ∙ (1 +
3
2
∙
𝛽𝜀
𝜀 + 1
) − 1] 
 
∆𝑝 ≈ 2𝜀𝑜𝐸𝑜𝑉 ∙
(𝜀−1)
(𝜀+1)
[1 −
3
2
∙
𝛽𝜀
𝜀−1
+
3
2
∙
𝛽𝜀
𝜀+1
−
3
2
∙
𝛽𝜀
𝜀−1
∙
3
2
∙
𝛽𝜀
𝜀+1
− 1], 
or 
 
∆𝑝 ≈ 2𝜀𝑜𝐸𝑜𝑉 ∙
(𝜀 − 1)
(𝜀 + 1)
[−
3
2
∙
𝛽𝜀
𝜀 − 1
+
3
2
∙
𝛽𝜀
𝜀 + 1
] 
 
∆𝑝 ≈ 2𝜀𝑜𝐸𝑜𝑉 ∙
(𝜀 − 1)
(𝜀 + 1)
[−
3
2
∙
2 ∙ 𝛽𝜀
𝜀2 − 1
] 
 
≈ −6𝜀𝑜𝐸𝑜𝑉 ∙
𝛽𝜀
(𝜀 + 1)2
 
As 𝜀 ≫ 1 and 𝑉 = 𝜋𝑎2𝑙, then: 
 
∆𝑝 ≈ −
6𝜋𝑙𝑎2𝛽
𝜀
𝜀𝑜𝐸𝑜                                                    6 
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